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EFFECTS  OF  WAR  CONDITIONS  ON  COST  AND  QUALITY 
OF  ELECTRIC  SERVICE 

BY  LYNN  S.  GOODMAN  AND  WILLIAM  B.  JACKSON 


Abstract  of  Paper 

This  paper  comprises  a  consideration  of  the  effects  of  war 
conditions  as  they  apply  to  the  electric  light  and  power  service 
of  the  countr^t  but  the  principles  enunciated  relate  in  their 
broad  application  to  all  kinds  of  public  utility  service. 

The  electric  companies  are  facing  a  grave  situation  owing  to 
the  Government's  needs  and  requirements,  to  the  abnormal 
prices  of  labor,  supplies  and  equipment,  to  the  difficulty  of 
retaining  their  trained  employees,  and  to  the  present  impos- 
sibility of  satisfactorily  finandng  extensions. 

Owing  to  these  conditions  the  electric  companies  may  be 
forced  to  regularly  operate  their  systems,  during  the  continuance 
of  such  conditions,  with  reduced  reserve  in  capacity  of  equip- 
ment and  with  partially  trained  operating  forces,  with  accom- 
panying reduction  in  efficiency  of  operation  and  reliability  of 
service  as  compared  with  normal  conditions. 

It  is  shown  that  the  increased  cost  for  fuel  and  other  supplies, 
labor  and  taxes  alone,  occasioned  by  the  war  conditions,  would 
amount  to  an  increase  of  more  than  $116,000,000  over  the 
operating  expenses  that  should  have  been  expected  for  the 
electric  light  and  power  companies  of  the  country  under  normal 
conditions  for  1917. 

The  important  advantages  which  are  inherent  in  the  central 
electric  power  stations  for  supplying  power  for  war  manufactures 
and  the  advisability  for  the  government  to  make  every  reasonable 
endeavor  to  encourage  the  development  of  the  central  electric 
stations  is  pointed  out. 

To  work  out  the  situation  to  the  best  interests  of  the  public 
and  the  companies  will  require  earnest  cooperation  between  the 
Government  and  the  companies.  Although  the  situation  is  one 
requiring  the  determination  of  how  the  dectric  companies  can 
best  meet  the  power  requirements  for  war  manufactures,  yet 
the  way  in  which  the  problems  involved  are  worked  out  will  have 
a  beann^  upon  the  cost  of  electric  light  and  power  service  not 
only  dunng  the  war  but  for  long  after  its  termination. 


PIE  EFFECTS  of  war  conditions  in  the  public  utility  field 
are  demanding  at  the  present  time  the  most  careful  consider- 
ation of  both  the  operating  and  the  regulatory  bodies  throughout 
the  country.  We  have  had  a  preliminary  course  of  training, 
as  it  were,  both  in  the  experience  of  our  foreign  contemporaries 
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and  in  our  own  experience  prior  to  and  during  the  entry  of  the 
UnitedStatesinto  the  war.  But  there  is  a  wide  difference  between 
the  effect  on  the  electric  utility  field  of  this  country,  with  the  na- 
tion in  the  status  of  a  neutral  with  its  industries  independently 
meeting  the  demands  of  the  domestic  and  foreign  markets, 
compared  with  the  conditions  produced  by  the  United  States 
standing  as  a  growing  war  power,  collecting,'  directing  and  con- 
serving its  vast  resources  for  the  prosecution  of  the  conflict. 

War  conditions  are  extraordinarily  affecting  every  department 
of  production  and  distribution  of  electrical  power,  and  the  results 
not  only  have  to  do  with  the  present  and  inmiediate  future,  but 
the  effects  are  likely  to  extend  far  beyond  the  termination  of  the 
war.  How  far  these  effects  will  reach  into  the  future  will  depend 
not  only  upon  the  length  of  the  war,  but  to  a  large  extent  upon 
their  treatment  during  its  progress,  and  how  resolutely  the  situa- 
tion is  now  faced  by  engineers,  bankers,  and  government  officials. 
It  is  therefore  important  for  us  to  analyze  these  influences. 

This  paper  deals  more  particularly  with  the  effect  of  war  con- 
ditions upon  electric  light  and  power  service,  but  the  principles 
relate  in  their  broad  application  to  every  kind  of  public  utility 
service. 

The  principal  directions  in  which  the  effects  of  war  conditions 
on  electric  service  appear  are: 

1.  In  relation  to  operating: 

(a)  In  increased  salaries  and  wages  paid  for  operating. 

(b)  In  difiiculty  of  retaining  trained  operatives,  and  con- 

versely the  need  to  operate  with  partially  trained  forces. 

(c)  In  increased  cost  and  difficulty  of  obtaining  fuel  and  in 

reduction  of  its  uniformity  and  quality. 

(d)  In  increased  cost  of  other  supplies  and  materials  for 

operation  and  maintenance. 

(e)  In  the  need  for  protecting  the  properties  against  enemy 

agents. 

(f)  In  increased  taxes. 

(g)  In  possible  decrease  of  consumption  of  electric  power  by 

ordinary  customers, 
(h)  In  possible  changes  of  load  factor. 

2.  In  relation  to  extensions  of  plant : 

(a)  In  the  necessity  in  many  cases  for  quickly  caring  for 

large  accessions  of  permanent  and  temporary  business. 

(b)  In  increased  cost  over  normal  for  plant  required  to  care 

for  additional  business. 
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(c)  In  high  cost  for  money  and  difficulty  of  obtaining  it  at 

any  rate  considered  reasonable  in  normal  times. 

(d)  In  the  diffictilty  of  obtaining  equipment  in  reasonable 

times  of  delivery. 

Each  one  of  the  above  factors  has  a  direct  bearing  upon  the 
cost  and  quality  of  electric  service  and  any  one  of  them  arising 
under  normal  conditions  wotdd  demand  careful  consideration 
and  treatment,  but  when  all  of  these  factors  arise  coincidently- 
and  are  affecting  an  industry  which  has  been  operating  under 
circtunstances  requiring  for  stability  and  success  the  condition 
of  steady  and  predictable  markets  for  its  purchases  and  sales, 
the  results  may  be  not  only  serious  but  even  destructive  if  the 
appropriate  measures  of  relief  cannot  be  obtained. 

The  effects  of  the  war  conditions  are  being  manifested  not  only 
in  the  matter  of  heavy  increases  in  operating  costs  but  also  in  the 
matter  of  extraordinary  increases  in  cost  for  new  plant  required 
to  care  for  added  business.  At  first  thought  it  might  be  con- 
cluded that  the  former  apply  only  to  the  period  of  the  war,  but 
increases  in  wages  for  any  cause  usually  result  in  all  or  a  part  of 
the  increases  remaining  after  the  cause  has  been  removed,  also 
temporary  changes  in  operating  methods  are  likely  to  bring  about 
modifications  in  the  permanent  methods  of  operation.  The  lat- 
ter may  increase  the  cost  per  unit  of  output  incident  to  invest- 
ment in  plant,  and  therefore  affect  the  cost  of  service  not  only 
for  the  period  of  the  war  but  for  the  life  of  such  plant,  unless  the 
increases  in  plant  investment  over  normal  can  be  amortized 
through  increase  in  revenue  during  the  period  of  the  war  and 
the  period  of  readjustment  which  must  succeed  the  war. 

The  effects  of  the  war  conditions  have  already  increased 
the  operating  expenses  of  the  electric  companies  of  this  coun- 
try to  the  extent  of  over  a  hundred  and  sixteen  million 
dollars  per  year,  as  hereafter  shown.  This  points  to  the  neces- 
sity of  readjustment  to  the  new  conditions  without  delay,  while 
at  the  same  time  requiring  readjustment  to  abnormal  labor 
conditions. 

Any  complete  study  of  the  effect  of  the  increase  in  expense  for 
operating  wages  and  salaries  on  the  operations  of  electric  com- 
panies, caused  by  war  conditions,  is  a  diffictdt  proceeding  because 
every  class  of  labor  is  represented,  from  the  unskilled  wage  worker 
to  the  highest  class  of  administrative  ofiicial,  and  increases 
among  these  classes  differ  in  their  proportions,  the  highest  paid 
men  having  received  the  smallest  proportional  increases,  if  any; 
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also  because  the  wages  paid  for  the  same  kind  of  labor  as  well  as 
the  increases  involved  vary  throughout  the  country.  Moreover, 
the  growth  of  companies  and  accompanying  increase  in  output 
per  unit  of  labor,  improvement  in  organization  and  in  the  science 
of  economic  labor  application  have  tended  to  continually  reduce 
the  cost  of  labor  required  per  unit  of  output,  that  would 
otherwise  be  required  to  produce  equal  or  improved  results. 
Although  individual  salaries  and  wages  have  been  gradually 
increasing  during  past  years,  the  labor  cost  per  unit  of  service 
had  been  decreasing  prior  to  the  war.  War  conditions,  however, 
have  greatly  affected  this  situation.  The  growing  scarcity  of 
labor  in  the  ordinary  occupations  of  peace,  due  to  stoppage  of 
immigration,  demands  for  industrial  workers  for  government 
work  and  drafts  for  the  National  Service,  together  with  the  neces- 
sity for  enabling  employees  to  meet  the  increased  cost  of  living 
and  the  competition  for  retaining  some  experienced  employees 
and  of  obtaining  new  employees,  all  combine  to  increase  wage  and 
salary  scales.  The  emplojmient  of  women  has  enabled  the  elec- 
tric utilities  to  obtain  an  additional  class  of  labor  at  a  relatively 
low  rate,  but  when  women  take  the  places  of  men,  more  women 
employees  are  required  than  the  number  of  men  replaced,  and  the 
war  conditions  tend  to  exhaust  the  supply  of  even  this  class  of 
labor  by  offering  wider  fields  of  employment.  The  necessity 
for  female  labor  to  become  more  nearly  self-supporting  during 
war-times  further  tends  to  increase  the  female  wage  scale. 

It  is  recognized  that  the  labor  cost  to  public  utilities  will  fur- 
ther advance  either  by  increases  in  the  direct  wage  or  by  some 
system  of  war  additions  such  as  are  being  employed  by  the  other 
nations  at  war.  This  system  of  war  additions  is  generally 
recognized  as  a  measure  to  compensate  for  the  temporary  in- 
creases in  living  costs  during  the  war  period  and  is  adopted 
principally  in  order  to  facilitate  the  ultimate  return  to  normal 
conditions. 

It  should  be  recognized  that  by  normal  labor  conditions  for 
the  future,  we  do  not  mean  the  identical  conditions  existing  prior 
to  the  war,  but  refer  to  the  conditions  which  would  normally 
have  been  attained  had  war  conditions  not  intervened. 

An  analysis  of  the  United  States  Census  statistics  shows  that 
the  increase  in  the  average  wages  paid  per  employee  (exclusive  of 
general  officers,  managers  and  superintendents)  during  the  ten 
years  from  1902  to  1912  was  11  per  cent.  The  actual  increase  in 
wages  for  like  classes  of  labor  may  have  differed  from  this  figure, 
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since  the  evolution  of  electric  generation  and  distribution  ap- 
paratus has  shifted  the  relation  of  unskilled  and  skilled  employees, 
but  it  plainly  shows  how  abnormal  are  the  sudden  great  increases 
in  wages  which  have  occurred  as  a  consequence  of  the  war. 

During  the  war  period  thus  far,  salaries  of  officers,  managers 
and  general  superintendents  have  in  general  not  greatly  increased 
but  increases  in  wages  in  the  operating  departments  have  ranged 
from  15  to  50  per  cent  and  we  are  of  the  opinion  that  25  per  cent 
may  be  taken  as  the  average  increase  thus  far  occasioned  by 
the  war. 

The  total  salaries  and  wages  paid  to  employees  of  electric 
companies  throughout  the  United  States  make  up  about  one- 
third  of  the  total  operating  expense,  including  under  the  latter 
heading  the  cost  of  power  purchased  and  the  renewals  and  re- 
placement expenses,  but  not  interest  on  capital  debt.  Under 
normal  growth  from  1912,  at  the  rate  indicated  by  the  growth 
during  the  previous  ten  years  we  find  that  the  salary  and  wage 
disbursements  of  electric  companies  in  the  year  1917,  had  there 
been  no  unusual  disturbance,  should  have  amounted  to 
$90,000,000  of  which  one-seventh  would  have  been  for  general 
officers,  managers  and  superintendents*  salaries  and  six-sevenths 
for  wages. 

From  this  it  is  seen  that  the  increase  in  wages  of  25  per  cent 
means  an  outlay  on  the  part  of  the  electric  companies  of 
$19,000,000  for  the  year. 

In  the  matter  of  retaining  trained  operatives,  the  govern- 
ment's draft  for  war  services  and  the  war  scale  wages  offered  in 
industrial  fields  both  contribute  to  deplete  the  trained  operating 
forces  of  the  electric  companies.  We  believe  the  government 
will  and  should,  as  a  matter  of  good  business,  not  unduly  hamper 
the  carrying  on  of  a  service  so  essential  to  its  needs,  but  many  of 
the  finest  electrical  employees  have  voluntarily  enlisted  and  the 
draft  has  taken  a  share  of  trained  employees.  Also,  although 
the  permanent  employment  in  the  public  utility  field  tends  to 
make  it  in  that  aspect  more  attractive  than  more  or  less  tem- 
porary employment  of  war  industries,  yet  many  of  the  best  em- 
ployees of  the  electric  companies  have  not  been  able  to  withstand 
the  temptation  of  the  higher  wages  obtainable  in  the  latter, 
associated  with  the  idea  of  being  closer  to  war  activities. 

This  situation  is  already  being  felt  not  only  in  increased  wage 
scales,  but  also  in  cost  for  training  new  operatives,  and  the  con- 
tinual change  in  employees  will  necessarily  be  reflected  in  a  re- 
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duction  in  economy  of  operation  and  in  some  reduction  in  the 
quality  of  service  not  only  in  the  supplying  of  power  but  also  in 
the  accounting  departments,  and  in  the  new  business  depart- 
ments as  far  as  they  are  maintained.  The  effects  of  this  con- 
dition will  become  more  and  more  apparent  as  time  progresses, 
and  the  utilities  must  be  prepared  to  meet  the  conditions  of 
depleted  forces  and  untrained  operatives.  We  are  unable  to 
estimate  the  effects  of  this  condition  in  terms  of  dollars  and 
cents,  but  it  is  evident  that  it  is  a  condition  that  will  require  no 
small  consideration  on  the  part  of  those  responsible  for  the 
operation  and  service  of  the  public  utilities. 

The  electric  utilities  meet  the  largest  single  item  of  increased 
expense  in  the  fuel  account.  The  gross  cost  of  fuel  of  a  given 
quality  is  made  up  of  cost  at  the  mine,  cost  of  transportation, 
and  cost  of  labor  for  handling;  and,  due  to  differences  in  mining 
costs,  length  of  haul  and  purchasing  facilities  on  the  part  of  the 
utilities,  the  gross  costs  as  well  as  the  increases  have  differed 
materially  among  the  utilities,  and  throughout  the  country.  In 
addition  to  tremendous  increases  in  costs  per  ton,  the  utilities 
are  confronted  with  the  necessity  of  accepting  coal  of  inferior 
and  non-uniform  quality,  which  results  not  only  in  lower  efficiency 
due  to  reduction  in  heating  value  but  also  in  lower  efficiency 
incident  to  operating  boiler  equipments  with  continually  chang- 
ing grades  of  fuel.  These  conditions  are  now  being  keenly  felt 
in  the  more  modem  highly  efficient  steam  generating  plants. 

The  cost  of  fuel  has  an  extremely  important  bearing  upon  the 
total  cost  of  electric  service.  Estimates  based  upon  the  United 
States  Census  reports  show  that  this  item  of  expense  for  all  the 
electric  companies  in  the  United  States  would  have  reached 
$50,000,000  for  the  year  1917  under  normal  conditions  of  the 
country,  and  would  have  amounted  to  about  60  to  65  per  cent 
of  the  normal  generating  expense.  Definite  information  as  to 
the  amount  of  increase  in  fuel  cost  for  the  whole  country 
is  not  available,  but  from  information  obtained  from 
various  sections  of  the  country,  we  arrive  at  the  con- 
clusion that  on  the  average  the  cost  per  ton  of  coal  to 
electric  companies  has  increased  a  little  more  than  100 
per  cent  on  account  of  war  conditions,  and  that  100  per  cent  is 
not  far  from  correct.  On  this  basis  the  increase  of  total  cost  due 
to.  the  increased  price  per  ton  of  fuel  is  $50,000,000.  A  conserva- 
tive figure  for  the  increase  in  tonnage  due  to  lower  quality  aqd 
non-uniformity  of  grade  is  10  per  cent,  which  means  an  added 
increase  of  $10,000,000,  making  the  total  increase  $60,000,000. 
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Reliability  of  service  has  already  been  adversely  affected  in 
some  instances  by  the  fuel  situation,  and  the  importance  of  main- 
taining continuous  service  especially  in  congested  territory  and  in 
industrial  centers  producing  war  materials  is  obvious.  The  size 
of  the  reserve  coal  supply  required  to  assure  continuity  of  service 
is  dependent  upon  the  rate  of  use  and  the  dependability,  fre- 
quency and  regularity  of  deliveries.  Present  conditions  of  coal 
production  and  transportation  point  to  the  need  for  more  than 
normal  reserve  coal  supply  and  its  importance  we  believe  ftdly 
justifies  the  abnormal  expenditures  which  have  been  necessary 
in  the  purchase  of  coal  for  the  purpose  of  maintaining  the  supply. 

An  estimate  of  the  output  from  steam  driven  electric  central 
stations  which  might  .have  been  expected  for  1917  under  normal 
conditions  shows  13,000,000,000  kw-hr.,  and  an  average  require- 
ment of  three  pounds  of  coal  per  kw-hr.  of  output,  shows  the  fuel 
requirements  would  amount  to  not  over  20,000,000  net  tons, 
which  is  approximately  3  per  cent  of  the  estimated  output  from 
the  mines  for  1917.  It  is  thus  seen  that  a  relatively  large  reserve 
supply  of  coal  in  the  hands  of  every  electric  company  would  tie 
up  but  a  very  small  part  of  the  coal  supply  of  the  country  and 
this  supply  would  be  widely  distributed  over  the  country  and  to 
a  certain  extent  would  be  in  proportion  to  the  populations  and 
industrial  importance  of  the  several  sections  of  the  country. 

The  normal  cost  of  materials  and  supplies  other  than  fuel,  used 
in  operation  and  current  maintenance  of  electric  properties, 
makes  up  no  small  proportion  of  the  total  annual  operating 
expense,  which  we  estimate  as  a  little  over  16  per  cent.  The 
percentage  increases  in  the  cost  of  such  materials  and  supplies 
due  to  war  conditions  have  been  enormous  and  extremely  varied 
in  amount  and  the  determination  of  the  average  amount  of  these 
increases  imposed  on  electric  companies  is  very  complicated,  but 
the  indications  are  that  this  amounts  to  as  much  as  76  per  cent. 
Such  an  increase  in  this  expense  means  an  increase  in  expendi- 
tures in  the  neighborhood  of  $30,000,000  over  normal  expense  for 
1917. 

The  increase  in  the  cost  of  materials  and  supplies  may  be  ex- 
pected to  cause  operating  companies  to  curtail  their  repairs 
and  current  maintenance  to  the  greatest  possible  extent  but  such 
reduction  cannot  be  large  if  satisfactory  quality  of  service  is  to 
be  maintained.  In  the  matter  of  supplies  contemplated  for  im- 
provements and  replacements  of  plant,  however,  the  difficulty 
in  obtaining  equipment  in  reasonable  times  of  delivery  and  the 
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abnormal  cost  of  any  equipment  that  may  be  required  naturally 
points  to  the  advisability,  and  in  many  cases  the  necessity,  of 
retaining  present  equipment  in  service  until  the  exigencies  of  the 
situation  make  a  change  imperative,  even  though  under  normal 
conditions  it  would  be  advantageous  to  make  the  changes 
promptly,  thus  introducing  an  element  of  reduced  economy  in 
operation  which  under  normal  conditions  would  not  be  present. 

The  measures  which  must  be  taken  to  protect  property  from 
malicious  interference  by  enemy  agents  comprise  the  develop- 
ment and  maintenance  of  effective  protective  structures  and 
lighting  systems  as  well  as  special  policing.  The  large  capacity 
of  individual  units  of  generating  equipment  and  the  large  capac- 
ity of  transmission  circuits  of  today  increase  the  necessity  for 
thorough  protection  owing  to  the  large  amount  of  damage  that 
could  be  accomplished  by  an  enemy  agent  if  given  the  oppor- 
tunity. The  government  action  in  restricting  the  activities  of 
the  enemy  alien  poptilation  is  an  important  safeguard  in  this  con- 
nection but  the  necessity  for  direct  protective  measures  during 
the  continuance  of  the  war  adds  hundreds  of  thousands  of  dollars 
to  the  normal  expense  accounts  of  individual  large  electric  cor- 
porations and  runs  into  the  millions  in  the  total  cost  of  service 
throughout  the  country.  How  many  millions  of  dollars  it 
amounts  to  we  are  not  prepared  at  this  time  to  say,  but^we  ex- 
pect the  aggregate  amounts  to  at  least  two  or  three  million 
dollars. 

In  the  matter  of  increased  taxes  we  have  purely  a  problem  of 
caring  for  the  increases  over  those  of  times  prior  to  the  war,  and 
there  is  no  way  of  predicting  how  large  a  factor  this  expense  will 
become  during  the  progress  of  the  war  or  how  far  it  will  reach 
into  the  future.  Estimates  based  upon  the  United  States  Cen- 
sus returns  indicate  that  the  1917  taxes  paid  by  electric  com- 
panies might  normally  have  reached  $26,000,000.  The  propor- 
tion of  gross  revenue  required  for  taxes  has  apparently  been  in- 
creasing year  by  year,  having  been  slightly  over  three  per  cent  in 
1902,  a  little  over  three  and  one-half  per  cent  in  1907,  and  nearly 
four  and  one-half  per  cent  in  1912.  Taxes  on  net  income  made 
up  a  very  small  proportion  of  the  total  tax  in  former  years,  so 
that  changes  in  net  income  had  little  bearing  on  the  amount  of 
the  taxes.  This  form  of  income  taxation  has  had  growing  favor 
in  legislative  circles  and  is  freely  used  by  the  government  in  its 
war  tax  program.  An  estimate  of  the  amount  of  the  expense 
which  may  be  expected  to  be  added  to  the  cost  of  electric  service 
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throughout  the  country  by  the  operation  of  the  net  income  tax 
law  is  obviously  dependent  upon  the  effect  of  war  condi- 
tions on  net  incomes,  and  the  effects  of  **tax  free"  bond  clauses 
and  taxes  on  Excess  and  Undistributed  Profits  clearly  cannot  be 
estimated.  We  may  hazard  a  guess  that  the  increase  over 
normal  expense  will  lie  between  $5,000,000  and  $10,000,000  for 
the  year  1917. 

Summing  up  the  foregoing  amounts  shows  that  the  extra 
expenses  now  imposed  on  the  electric  companies  on  account  of 
war  conditions  amounts  to  the  immense  aggregate  per  year,  as 
follows: 

Increased  salaries  and  wages  chargeable  to  operating.  $19,000,000 

Increased  cost  of  fuel 60,000,000 

Increased  cost  of  other  materials  and  supplies 30,000,000 

Increased  taxes 7,500,000 

$116,500,000 

This  amotmts  to  a  quarter  of  the  normal  estimated  gross  revenue 
for  1917  of  all  the  electric  companies  and  it  wipes  out  two-thirds 
of  the  sum  that  wotdd  have  been  available  for  interest,  dividends 
and  surplus.  It  does  not  include  additional  expenses  caused  by 
the  difficulty  of  retaining  trained  operatives  and  the  cost  of 
protecting  the  properties  against  malicious  interference,  the 
magnitude  of  which  we  are  unable  to  estimate.  It  puts  the 
electric  companies  in  a  critical  position,  which  is  rendered  more 
ominous  by  the  impossibility  of  foretelling  how  much  larger 
these  extra  expenses  may  become  in  future  months. 

It  is  to  be  expected  that  the  American  people  will  come  to 
more  fidly  appreciate  the  need  for  economies  in  every  direction 
as  the  war  progresses,  and  that  their  consumption  of  electric 
power  for  residential  and  ordinary  commercial  lighting  will  be- 
come materially  reduced.  This  effect  is  now  just  beginning  to 
be  felt  by  the  electric  companies.  It  can  result  in  only  a  rela- 
tively small  reduction  in  the  outputs  of  the  electric  companies 
but  to  that  extent  it  will  liberate  generating  capacity  for  use  in 
war  service  and  will  conserve  some  fuel.  It  will,  however,  liber- 
ate relatively  little  distribution  plant  which  can  be  used  for  war 
demands  and  will  have  substantially  no  effect  upon  total  dis- 
tribution expenses,  so  that  a  very  large  part  of  the  reduction  in 
gross  revenue  arising  from  such  economies  will  appear  as  a  reduc- 
tion in  the  net  income.    As  an  economic  consideration  of  the 
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war  such  economies  are  to  be  earnestly  encouraged,  but  it  is 
nevertheless  true  that  so  far  as  the  electric  companies  are  con- 
cerned they  mean  reduction  in  net  income  almost  equal  to  the 
amounts  by  which  the  gross  revenues  are  affected.  It  is  not 
possible  to  estimate  what  the  effect  on  the  companies'  revenues 
will  be  except  to  say  that  it  apparently  will  run  into  the  millions. 

Before  considering  further  the  operating  phases  of  the  situa- 
tion we  will  take  up  the  effect  of  war  conditions  on  extensions  of 
plant  since  the  two  phases  are  so  closely  interrelated. 

The  effects  of  the  war  conditions  are  being  manifested  not 
only  in  the  matter  of  heavy  increases  in  the  operating  costs 
already  pointed  out,  but  also  in  the  matter  of  extraordinary 
increases  in  cost  for  new  plant  required  to  care  for  added  business. 
At  first  thought  it  might  be  concluded  that  the  effects  of  the 
latter  apply  only  to  the  period  of  the  war,  but  the  increased 
cost  of  new  plant  per  imit  of  capacity  manifestly  affects  the  cost 
of  service  not  only  for  the  period  of  the  war  but  for  the  life  of 
such  plant,  unless  some  meastires  can  be  devised  to  amortize 
the  excess  first  cost  of  new  plant  over  the  first  cost  of  like  plant 
in  normal  times. 

Many  electric  companies  are  now  confronted  with  the  neces- 
sity of  not  only  caring  for  their  normal  growth  of  business,  but 
have  had  thrown  upon  them  large  demands  for  power  arising 
from  the  increasing  expansion  in  the  mantifacture  of  material 
of  war,  which  includes  almost  every  necessity  of  life,  ranging 
from  shipping  to  textiles  and  food  stuffs,  in  addition  to  special 
war  products  like  arms  and  ammunition.  On  this  accoimt  the 
electric  companies  have  found  themselves  obliged  to  prepare 
very  rapidly  to  meet  increased  power  demands  of  several  hun- 
dred thousand  horse  power  over  their  normal  requirements. 

When  viewed  from  every  standpoint,  it  will  be  seen  that  the 
economical  central  power  generating  station  is  the  proper 
medium  for  the  supply  of  the  large  power  requirements  arising 
on  account  of  the  war,  since  purchased  power  leaves  the  manu- 
facturers of  munitions  and  other  war  material  free  to  devote 
their  energies  to  the  development  and  operation  of  their  manu- 
facturing plants  without  diverting  any  of  their  energies  to  the 
development  of  power  plants  or  their  operation;  it  provides  the 
greatest  possible  amount  of  available  power  from  a  poimd  of 
fuel;  it  reduces  the  total  capacity  of  power  generating  equipment 
necessary  by  taking  advantage  of  the  diversity  between  the 
power  requirements  of  the  various  manufacturing  establish- 
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ments;  and  it  provides  the  greatest  possible  amount  of  available 
power  per  man  occupied  in  the  power  generation  field  and  thus 
diverts  the  least  possible  man  power  from  the  other  needs  of 
the  nation.  It  also  makes  it  possible  for  the  power  equipment 
manufacturers  to  concentrate  upon  the  production  of  the  larger 
units  of  eqtiipment  used  by  central  electric  stations,  thereby 
making  it  possible  to  produce  the  largest  capacity  of  equipment 
in  the  least  time.  And  the  centralization  of  electric  power 
generation  equipment,  with  comprehensive  distribution  systems, 
places  it  in  position  to  most  effectively  care  for  the  changes 
in  power  requirements  of  industrial  establishments  to  be  ex- 
pected after  the  termination  of  the  war. 

These  advantages  of  the  central  station  power  are  so  large 
that  it  is  advisable  for  the  Government  to  use  every  reasonable 
means  to  encourage  the  central  station  companies  and  discourage 
individual  power  plants  during  the  war  period. 

It  is  to  be  expected  that  much  of  the  business  arising  from  the 
war  will  prove  of  a  temporary  character,  so  that  the  electric 
companies  are  faced  with  the  double  dilemma  of  finding  them- 
selves called  upon  to  provide  capacity  to  care  for  extraordinary 
accessions  of  new  business,  at  costs  for  the  eqtiipment  and 
installation  far  above  normal  prices,  and  this  in  the  face  of  the 
fact  that  it  is  to  be  expected  that  in  many  cases  some  of  the  busi- 
ness will  prove  of  temporary  nature  without  equivalent  other 
demands  to  take  its  place  after  the  war. 

The  electric  companies  have  so  far  provided  for  the  needs  of 
the  situation  splendidly,  but  this  has  been  done  largely  at  the 
expense  of  reserve  capacity,  as  the  financing  of  almost  no 
large  extensions,  if  any,  has  been  accomplished  since  our  country 
become  a  party  in  the  war.  There  can  be  no  doubt  that  the 
power  demands  on  account  of  the  war  have  not  yet  nearly 
reached  their  maximtun  and  it  will  be  necessary  to  devise  some 
way  by  which  it  will  be  possible  to  care  for  these  demands. 
This  can  be  accomplished  by  the  adoption  and  promulga- 
tion by  the  government  of  certain  war  meastu'es;  one  being 
to  make  possible  the  discontinuance  or  curtailment  when  ad- 
visable particularly  at  the  peak  load  periods  of  the  electric 
companies,  of  power  and  lighting  demands  not  necessary  for 
prosecution  of  the  war  or  for  the  safety  and  reasonable  neces- 
sities of  the  population,  and  another  being  for  the  government  to 
assume  the  responsibility  for  seeing  that  money  for  extensions 
required  for  war  service  can  be  obtained  on  reasonable  terms. 
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The  first  named  meastire  would  also  operate  in  the  interests  of 
fuel  conservation. 

We  may  show  the  effect  of  war  prices  on  the  electric  light  and 
power  business  in  the  aggregate.  The  United  States  Census 
of  central  stations  shows  that  the  total  of  the  revenues  received 
from  operation  and  other  sources  by  all  central  electric  light 
and  power  systems  (including  both  hydraulic  stations  and  steam 
stations)  in  1912  was  in  round  figures  $302,000,000  and  the 
total  operating  expenses,  including  taxes,  and  renewals  and 
replacement  expense,  but  not  including  interest  on  debt,  was 
$184,500,000,  leaving  a  total  income  of  $117,500,000.  The  re- 
ported cost  of  construction  and  equipment  was  $2,176,000,000. 
Extension  of  these  totals  to  the  present  year  1917  shows  that 
under  normal  growth  the  total  revenues  in  1917  would  have 
reached  $475,000,000  and  the  operating  expenses,  including 
taxes  and  renewals  and  replacement  expense  would  have 
reached  $290,000,000  making  the  total  income  before  deducting 
interest  on  debt,  $185,000,000.  Estimating  the  reported  cost 
for  construction  and  equipment  would  have  grown  to  $3,500,- 
000,000,  an  increase  of  60  per  cent  in  five  years,  the  above  income 
would  represent  5.3  per  cent  of  this  cost  of  construction  and 
equipment.  If  no  other  factors  entered  into  the  problem  besides 
increases  in  cost  of  operation,  and  assuming  these  increases 
effective  over  the  whole  year,  the  fuel  expense  as  before  pointed 
out,  would  increase  $60,000,000  for  1917,  other  supplies  $30,- 
000,000,  labor  expense  $19,000,000  and  taxes  $7,500,000,  repre- 
senting an  aggregate  increase  of  operating  expenses  for  these 
items  of  $116,500,000.  This  is  an  increase  of  40  per  cent  in 
operating  expenses,  and  it  reduces  the  divisible  income  to  $68,- 
500,000,  which  amount  is  equivalent  to  less  than  2  per  cent  on 
the  cost  of  construction  and  equipment.  This  percentage  is 
still  lower  in  the  case  of  the  steam-electric  systems  of  the  country 
taken  alone,  and  additional  expenses  for  training  new  em- 
ployees and  the  lowered  efficiency  of  such  employees,  the  cost 
of  special  policing,  etc.,  reduce  the  amount  still  farther. 

There  are  certain  operating  economies  and  changes  which 
might  be  adopted  by  the  companies  if  forced  to  it  by  war  con- 
ditions. The  service  rendered  the  customers  might  be  curtailed 
for  example  by  discontinuance  of  lamp  deliveries  and  free  minor 
repairs,  by  less  prompt  attention  to  troubles  and  complaints, 
thereby  reducing  the  niunber  of  "trouble"  employees,  by  bi- 
monthly or  tri-monthly  billing  and  the  like;  the  canvassing  and 
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promotion  departments  might  be  almost  entirely  dispensed  with, 
with  consequent  reduction  in  meter  testing  and  setting  expense; 
and  advertising  expense  might  be  eliminated.  In  the  storeroom, 
increased  cost  for  material  points  to  more  than  merely  salvaging 
scrap  material.  It  forces  the  use  of  old  and  shopworn  supplies 
and  non-standard  equipment,  and  previously  used  wire  and 
cables.  While  the  use  of  such  equipment  may  render  the  ser- 
vice less  reliable,  it  may  become  an  unfortunate  necessity. 

The  current  expense  accounts  may  also  be  reduced  by  post- 
ponement of  plant  repairs  which  would  normally  be  made  at 
once;  but  it  is  well  recognized  that  the  longer  repairs  are  put 
oflE  the  more  they  cost,  and  while  current  expenses  may  for  a 
time  appear  lower,  the  cost  in  the  long  nm  is  apt  to  be  increased. 
The  net  results  of  such  economies  might  amount  to  as  much 
as  10  to  15  per  cent  of  the  normal  operating  revenue  of  the 
electric  companies,  and  every  consideration  should  be  given  to 
them,  but  they  are  offset  by  increases  in  expense  which  have 
not  been  included  in  the  amounts  named. 

There  is  a  phase  of  the  situation  which  has  not  been  referred 
to  in  the  preceding  but  which  in  some  cases  is  already  being 
felt,  and  is  likely  to  be  generally  felt  by  electric  companies. 
This  is  the  improvement  in  load  factors  arising  from  putting 
the  less  essential  industries  on  an  off  peak  basis  and  the  fact 
that  war  industries  give  an  exceptionally  long  hour  demand, 
owing  to  the  intensive  character  of  war  manufacture.  This 
produces  two  quite  distinct  results,  one  being  in  the  direction 
of  reducing  the  maximum  loads  which  may  be  carried,  partic- 
ularly on  underground  cables  and  to  some  extent  upon  generating 
equipment,  and  the  other  being  in  the  direction  of  decreasing 
the  expense,  other  things  being  equal,  per  kilowatt-hour  of 
total  output.  How  much  effect  the  first  result  may  have  it  is 
impossible  to  predict  but  it  may  have  marked  effect  in  cases 
where  the  load  factors  become  very  high,  and  it  is  already 
showing. 

A  part  of  the  increased  cost  on  account  of  war  conditions  has 
been  provided  for  by  many  companies  by  the  introduction  of 
coal  clauses  in  contracts  for  large  light  and  power  service.  These 
clauses  have  taken  various  forms  from  the  simplest  in  which  the 
increased  (or  diminished)  charge  is  figured  at  a  given  amount 
for  each  dollar  of  change  from  a  stated  cost  of  coal  per  ton, 
to  the  more  elaborate  form  in  which  the  increased  charge 
is  figured  upon  the  relation  between  the  present  day  cost  and 
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the  cost  in  a  prior  period  for  the  coal  required  for  performing 
the  same  amount  of  work. 

But  even  if  coal  clauses  could  be  satisfactorily  applied  to  all 
electric  rates,  which  they  cannot,  they  would  be  only  a  partial 
remedy  for  the  present  conditions  since  the  increase  in  cost  for 
coal  is  only  about  one-half  of  the  total  increase  in  cost  due  to 
the  war  conditions.  Each  electric  rate  requires  modification  to 
take  into  account  the  other  factors  as  well  as  coal  entering  into 
the  cost,  so  as  to  increase  the  total  revenue  approximately  25 
per  cent,  in  order  to  bring  the  same  income  to  the  electric 
companies  of  the  country  to  cover  interest  and  surplus  as  would 
have  been  expected  for  1917  under  normal  conditions.  It  should 
be  noted,  however,  that  a  correctly  adjusted  coal  clause  more 
fully  meets  the  situation  for  contracts  with  high-tension  cus- 
tomers than  with  the  general  average  of  small  customers  in^ 
serving  which  there  are  large  expenses  for  labor  and  materials 
required  in  the  processes  of  transformation  and  distribution. 

What  has  been  pointed  out  in  the  foregoing  regarding  the 
effect  of  war  conditions  on  central  station  electric  service  is 
also  applicable  to  the  cost  of  power  produced  by  private 
power  plants.  The  immensity  of  this  field  is  seen  by  reference 
to  the  United  States  Census  of  Manufacturers  for  1914,  in  which 
the  total  primary  power  reported  as  used  in  this  field  aggregated 
22,500,000  horse  power  (exclusive  of  isolated  electric  plants  for 
office  buildings,  hotels,  etc.)  of  which  15,700,000  horse  power  was 
comprised  of  steam  driven  equipment  and  only  3,900,000  horse 
power  was  in  the  form  of  purchased  electric  power.  The 
central  station  steam  and  water-driven  electric  generating  ca- 
pacity in  1912  was  only  7,500,000  horse  power,  with  a  probable 
9,000,000  horse  power  in  1914. 

The  high  costs  and  difficulty  of  obtaining  new  equipment  and 
operating  supplies,  produced  by  war  conditions,  and  the  in- 
creased demands  on  the  industries,  draw  the  manufacturer  to 
the  central  station  for  either  his  whole  or  additional  supply  of 
power.  Here  is  a  fertile  field  for  conservation  of  fuel,  through 
the  supply  of  this  power  by  central  electric  companies  but  it  is 
evident  that  under  present  conditions  the  electric  companies 
cannot  afford  to  add  such  load  except  at  fully  compensatory 
rates  based  on  war  costs,  and  on  long  term  contracts,  and  that 
they  are  practically  barred  from  undertaking  such  service  owing 
to  the  financial  situation,  except  where  the  cost  of  additions  of 
equipment  has  already  been  financed. 
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In  the  extension  of  the  central  station  into  this  field  and  es- 
pecially in  the  acceptance  of  temporary  or  auxiliary  loads,  there 
is  the  menace  to  the  central  utility  of  being  burdened  with 
unused  and  abnormally  expensive  station  capacity  at  the  end 
of  the  war  period.  This  menace  lies  not  only  in  the  possible 
decrease  of  manufacturing  activity  but  also  in  the  possibility 
that  the  user  may  return  to  private  plant  operation  with  the 
re-establishment  of  normal  markets.  It  would  seem  unfair  that 
the  future  inhabitants  of  an  industrial  territory  who  had  been 
called  upon  to  furnish  large  amounts  of  war  material  for  de- 
fense of  the  whole  country  should  alone  bear  this  burden  of 
unused  capital.  A  more  equitable  distribution  of  the  burden 
might,  for  example,  lie  in  special  rates  for  such  service,  long-term 
contracts,  or  in  capital  subscriptions  or  deposits  made  by  the 
power  users  to  carry  the  investment  until  such  time  as  the  plant 
not  used  after  the  war  period  is  put  into  active  operation  again. 

Considering  the  output  of  power  by  the  industrial  plants  using 
steam  power,  which  do  not  now  purchase  electric  current,  esti- 
mated on  the  basis  of  the  capacity  of  equpment  as  reported  for 
1914,  operating  at  the  equivalent  of  full  load  for  a  sixth  of  the 
time,  the  total  horse  power  output  would  amount  to  23,000,000,000 
h.p  -hr.  It  is  safe  to  say  that  at  least  three-quarters  of  this  is  such 
that  the  exhaust  steam  cannot  be  effectively  used  for  heating 
purposes  and  there  would  be  a  possible  saving  of  at  least  IJ^ 
pounds  of  coal  per  horse  power  hour  through  service  of  this 
three-quarters  from  central  steam-driven  electric  stations, 
making  a  total  saving  in  fuel  of  13,000,000  tons  of  coal  per 
year  under  the  industrial  plant  output  for  the  year  1914.  The 
saving  would  be  much  greater  when  considering  only  the  more 
modem  and  economical  central  stations.  The  same  consider- 
ations as  above  apply  to  the  field  of  isolated  building  and  hotel 
electric  plants  where  conservation  of  coal  amounting  to  millions 
of  tons  could  unquestionably  be  effected. 

We  have  heretofore  given  principal  consideration  to  the  effect 
of  war  conditions  as  increasing  the  demands  for  service.  We 
have  not  as  yet  in  this  country  much  experienced  the  opposite 
effects  of  economies  forced  by  war  conditions.  In  England,  the 
danger  from  air  raids  and  the  necessity  for  conserving  coal  have 
materially  decreased  and  in  some  cases  almost  wiped  out  the 
street  lighting  service  furnished  by  many  companies,  and  govern- 
ment regulations  together  with  economies  practised  by  the  cus- 
tomers have  very  materially  reduced  the  domestic  and  com- 
mercial lighting  loads.     It  is  obvious  that  such  losses  of  business 
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coupled  with  increased  cost  for  supplies  and  labor  increase  the 
expense  per  unit  of  output  far  beyond  the  point  where  it  may 
be  neutralized  by  any  economic  practises  of  the  suppl3dng  com- 
pany. The  result  has  been  quite  a  universal  increase  in  rates, 
in  some  cases  flat  percentage  increases  of  the  same  amount  for 
light  and  power,  in  other  cases  differing  percentage  increases 
for  light  and  power,  and  in  still  others  increases  depending  upon 
changes  in  cost  of  fuel.  These  flat  percentage  increases  have 
varied  from  less  than  10  per  cent  to  as  high  as  50  per  cent  over 
the  rates  in  effect  prior  to  the  war,  London  rates  having  been 
increased  50  per  cent  according  to  the  London  Electrical  Review. 

As  to  the  effect  of  war  conditions  in  this  country  on  ordinary 
domestic  and  commercial  light  and  small  power  consumption 
for  other  than  manufacturing  ptu-poses,  the  rate  of  adding  new 
residence  and  commercial  customers  is  on  the  whole  falling  off 
due  to  personal  economies  of  the  public  and  generally  fewer 
extensions  of  lines  by  the  companies,  and  to  decrease  in  building 
activities,  and  the  like.  It  does  not  appear  that  the  lighting 
customers  in  this  country  have  as  yet  inaugurated  any  general 
lighting  economies  sufficient  to  be  seriously  felt  by  the  com- 
panies, and  the  companies  have  on  the  other  hand  shown  a  dis- 
inclination to  increase  the  rates  to  small  consumers.  The  drain 
on  our  resources  will,  however,  be  felt  more  and  more  as  the 
war  progresses,  and  it  is  to  be  expected  that  the  domestic  and 
commercial  customers  will  decrease  their  consumption  of  current. 

Government  action  toward  conservation  of  our  resources 
during  the  war  may  result  in  the  adoption  of  plans  such  as  the 
"Day  Light  Saving  Plan"  now  in  considerable  use  in  Eiux)pe. 
The  effect  of  such  action  on  the  cost  of  electric  service  is  substan- 
tially the  same  as  results  from  voluntary  economy  practises,  in 
that  the  use  of  current  is  reduced  without  full  equivalent  reduc- 
tions in  expense  for  generating  and  distributing  plant  required 
or  in  the  expenses  connected  with  operation.  While  some  forms 
of  rates  in  common  use  are  designed  to  return,  first,  as  much  as 
practicable  of  those  costs  of  service  not  dependent  upon  the 
quantity  of  current  used,  commercially  applicable  rates  cannot 
be  so  nicely  balanced  as  to  make  the  appropriate  rettims  under 
all  conditions.  It  is  obvious  that  any  action  directed  toward 
general  lighting  economy,  while  conserving  our  national  re- 
sources and  possibly  releasing  some  plant  for  uses  more  essen- 
tial to  carrying  on  the  war,  results  in  higher  relative  cost  per 
kilowatt-hour  of  current  furnished  and  this  points  toward 
higher  rates  to  the  public. 
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It  is  evident  that  increased  expense  for  service  arises  in  every 
department  of  the  business;  in  operating  labor  and  supplies 
and  taxes,  in  protection  of  the  property,  and  in  cost  for  extensions 
of  plant.  And  the  latter  is  not  only  affected  by  abnormal 
first  cost  for  equipment  and  its  installation  but  also  by  the 
present  diflSculty  of  obtaining  money  for  such  purposes  at  other 
than  exorbitant  rates  as  compared  with  normal.  In  the  matter 
of  labor  expense  the  cost  of  service  is  increased  not  only  on 
account  of  increase  in  wages  but  by  the  need  for  training  new 
employees  to  the  service  and  the  necessity  of  operating  with 
partially  trained  employees.  These  last  conditions  are  likely 
to  be  increasingly  felt  with  each  new  draft  of  men  for  the  armed 
forces  or  other  direct  government  service.  The  increases  in 
cost  of  electric  service  on  account  of  the  war  conditions  are  so 
great  that  rates  for  service  which  were  equitable  at  the  beginning 
of  the  war,  are  in  some  cases  now  not  covering  the  operating  ex- 
pense, and  where  companies  are  being  loaded  with  war  business 
the  new  business  in  many  cases  may  become  a  serious  menace 
to  the  company,  which  can  only  be  overcome  by  taking  into 
account  the  war  conditions  in  determining  the  rates  to  be  charged. 

Notwithstanding  that  wages  of  operating  men  are  higher 
than  ever  before,  yet  the  necessity  for  using  many  partially 
trained  men  in  the  operation  and  inspection  of  electrical  systems 
makes  for  a  lowering  of  reliability  of  service  and  this  coupled 
with  the  need  in  some  cases  to  utilize  all  equipment  to  its  limit 
with  reduced  reserve  capacity  has  a  further  effect  in  this  direction 
as  well  as  in  the  direction  of  reduced  operating  efficiency.  Also 
it  is  to  be  expected  that  with  present  conditions  added  trans- 
mission lines  will  not  be  installed  if  the  present  circuits  can 
possibly  carry  the  loads,  even  though  under  ordinary  conditions 
additional  circuits  would  be  promptly  provided,  and  like  con- 
siderations apply  to  distribution  systems  with  a  consequent 
tendency  toward  reduced  efficiency  and  a  wider  range  of  voltage 
variations  than  is  now  considered  good  practise.  It  seems  proper 
that  regulatory  bodies  should  take  into  account  these  considera- 
tions in  their  requirements  for  electric  service  during  the  period 
of  the  war. 

It  should  be  recognized  that  the  electric  companies  while 
serving  the  best  interests  of  the  public  broadly  may  in  some 
cases  be  obliged  to  operate  with  impaired  forces  and  to  utilize 
their  equipment  during  the  war  to  such  an  extent  that  they  may 
be  unable  to  fully  maintain  present  standards  of  service. 
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Discussion  on  "Effects  of  War  Conditions  on  Cost  and 
Quality  of  Electric  Service"  (Goodman  and  Jackson); 
Boston,  Mass.,  January  8;  New  York,  N.  Y.,  January  11 
and  Chicago,  III.,  January  14,  1918. 

discussion  at  boston 

B.  A.  Behrend:  The  question  of  conservation  of  limited 
natural  resotirces  should  be  viewed  in  this  crisis  differently 
from  the  way  in  which  we  have  looked  upon  it  before  the  war. 
It  is  more  essential  that  work  be  done  and  results  accomplished 
than  that  resources  be  husbanded.  It  is  equally  essential  that 
people  should  realize  that  the  waste  of  coal  for  heating  purposes 
in  public  buildings,  hotels  and  railroad  trains  during  a  spell  of 
warm  weather  takes  the  coal  which  should  be  used  diuring  a 
time  of  extreme  cold.  Now  is  the  time  to  urge  the  reduction 
of  temperatures  in  places  where  human  beings  aggregate  to 
65  deg.,  and  orders  to  this  effect  should  be  issued  by  the  Fuel 
Administration.  A  man  or  a  woman  should  be  marked  as 
unpatriotic  who  does  not  care  to  comply  with  so  obvious  and 
sane  a  regulation. 

I  suggest  the  drafting  of  all  men  below  the  age  of  forty-five. 
If  they  cannot  as  yet  be  used  for  any  government  activity,  they 
should  be  held  in  readiness,  and  once  drafted  and  properly 
"labelled"  they  should  be  under  the  same  obligation  and  responsi- 
bility as  any  soldier.  Besides  its  being  unpatriotic  to  strike 
or  refuse  to  undertake  work  assigned  or  work  to  be  done  in  the 
regular  course  of  business,  it  should  be  made  an  offense.  Thus, 
strikes  of  painters  or  carpenters  or  tool  makers  or  moulders 
should  be  made  impossible  by  an  enrollment  of  every  man  under 
forty-five  years  of  age  or  even  fifty  years  of  age. 

The  nation  and  the  hammer  blows  which  this  nation  must 
deal  cannot  have  the  strength  of  the  whole  American  nation 
unless  every  man  does  his  duty.  However  important  economy 
is  at  this  time  or  at  all  times,  the  increase  of  production  is  of 
even  greater  importance  to  the  vital  issue. 

Mr.  Sykes:  I  approach  this  subject  from  a  somewhat  differ- 
ent standpoint  than  Mr.  Jackson  as  my  interest  has  been  centered 
with  the  consiuners  of  power.  During  the  last  few  years  I  have 
had  a  good  deal  of  work  to  do  in  trying  to  persuade  large  indus- 
trial plants  to  use  central  station  power  and  the  progress  that 
has  been  made  in  this  direction  in  the  last  five  years  has  been 
very  marked.  I  have  been  particularly  interested  in  power  for 
steel  mills  where  there  are  very  large  customers  who  think  noth* 
ing  of  a  5000  or  10,000-kw.  load.  AH  their  units  are  large  power 
consumers.  Now  the  situation  at  the  present  time  from  the 
standpoint  of  the  consumer  is  a  very  disturbing  one  and  some 
of  the  plants  in  which  I  am  interested  have  been  very  much 
hindered  in  their  operations  due  to  the  irregularity  of  central, 
station  service.  Now  those  of  us  that  are  connected  with  the 
electrical  business  understand  some  of  the  problems  of  the 
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central  station.  However,  the  customers  of  central  stations 
very  often  do  not.  During  the  past  few  years  we  have  been 
gradually  educating  the  large  consumers  of  power  to  buy  central 
station  energy.  We  have  been  told  that  the  one  thing  that 
did  not  go  up  in  price  was  central  station  power,  whereas  coal 
and  ever3rthing  else  went  up.  Now,  we  must  recognize  under 
present  conditions  that  there  must  be  an  increase  in  price  for 
power.  I  think  large  consumers  in  time  will  readily  pay  what- 
ever is  a  reasonable  amount  when  the  central  station  makes 
out  its  case. 

From  the  standpoint  of  the  power  consumers,  the  cen- 
tral stations  must  run.  They  do  not  care  how  the  central 
station  does  it,  but  they  must  have  current  to  run  their  mills. 
It  is  particularly  important  at  the  present  time  to  remember 
that  we  are  facing  interruptions  of  power  all  the  time,  this  at 
a  period  when  we  can  least  afford  to  have  such  interruptions. 
New  industrial  plants  are  springing  up  all  over  the  country. 
Most  of  them  have  not  the  time  to  build  power  stations,  nor 
could  they  get  the  equipment.  The  central  station  must  carry 
the  load  necessary  to  manufacture  munitions. 

Speaking  of  maintenance  I  think  we  will  find  before  long 
that  electrical  manufactiu-ers  are. going  to  be  in  a  very  serious 
condition  when  it  comes  to  supplying  repair  parts  to  maintain 
central  station  service.  Unless  some  action  is  taken  by  the 
Government  or  other  agency  to  keep  the  electrical  manufactur- 
ers running  enabling  them  to  take  care  of  their  customers, 
especially  when  machinery  breaks  down,  it  will  not  be  a  ques- 
tion of  a  few  days  or  weeks,  but  we  will  be  lucky  to  resume 
operation  at  all.  Anybody  with  electrical  manufacturing 
companies  can  see  this  in  the  offing.  In  Germany,  of  com-se, 
there  are  harder  conditions  than  we  face  for  they  cannot  repair 
plants.  There  is  no  necessity  for  us  to  reach  that  state,  but 
people  like  electrical  manufacttu-ers  seem  to  have  all  kinds  of 
burdens  thrust  upon  them.  Their  plants  are  being  ttuned 
into  munition  plants  and  the  electrical  situation  is  pushed  into 
the  backgroimd;  Unless  we  can  hold  all  organizations  together 
and  make  parts  as  they  may  be  required,  I  think  there  will  be 
times  when  very  serious  shutdowns  will  occur. 

I  do  not  see  how  load  factor  is  going  to  trouble  us  very  much, 
although  the  load  is  certainly  going  to  change  round.  In  relation 
to  off  peaks.  I  am  from  Pittsburg  and  we  do  not  have  much 
in  the  way  pf  off  peaks  there.  We  are  working  nights  now. 
We  have  had  our  meatless  days  and  oiu*  wheatless  days,  but 
we  have  also  had  powerless  days.  However,  that  is  a  thing 
which  is  being  corrected  with  the  aid  of  the  United  States 
Government. 

I  cannot  see  how  central  stations  can  increase  their  eflS- 
ciencies  at  all  with  the  whole  industry  being  rearranged.  I 
can  only  see  decrease  in  efficiency.  All  manufacturers  are 
facing  a  decrease  jij  efficiency.    We  are  losing  some  of  our  best 
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men  because  of  the  war  and  we  cannot  replace  these  men  by 
poor  men  and  at  the  same  time  get  efficiency.  We  will  face  a 
comprehensive  decrease  in  efficiency  all  along  the  line. 

J.  W.  Cowles:  I  can  hardly  undertake  to  speak  from  the 
standpoint  of  generation  or  even  distribution  of  electric  power 
to-night,  but  my  thoughts  naturally  turn  to  that  phase  of  the 
business  which  we  term  "Service."  We  know  that  to  the  cen- 
tral station  industries  to-day  the  manufactiu-e  and  distribution 
of  our  products,  important  as  these  phases  of  business  are, 
are  yet  by  no  means  the  only  ones  and  that  during  the  past 
few  years  we  have  been  coming  to  the  point  rapidly  of  realizing 
that  it  is  service  which  we  are  selling  in  the  broadest  sense, 
and  that  there  is  a  great  deal  to  do  with  our  service  ren- 
dered than  merely  the  product  of  generation  or  manufacture. 
The  problems  confronting  us  interest  me  particularly  in  the 
economies  that  can  be  introduced  and  must  be  introduced  in 
connection  with  om*  service  to  om*  customers.  I  am  passing 
by  the  generation  and  distribution  problems  simply  because 
they  do  not  happen  to  be  quite  as  near  to  me  as  service.  When 
it  comes  to  service  rendered  to  100,000  or  more  customers  the 
problems  are  gigantic  and  to  me  the  problem  to-day  is  how  far 
can  we  and  must  we  curtail  below  the  standards  formerly  con- 
sidered essential  and  all-important.  We  are  all  seeing  very 
marked  curtailments  in  service  rendered.  Grocery  stores  not 
only  cease  to  come  around  to  take  our  orders,  but  they  have 
cut  their  deliveries  in  two  or  more.  The  department  stores 
have  done  likewise  in  all  directions.  How  far  must  we  go  in 
that  same  direction  toward  reducing  our  service  efforts,  all  of 
which  cost  money  and  add  a  very  considerable  increment  to  the 
operating  expenses  of  companies.  Those  of  us  who  depend  on 
train  or  electric  railway  transportation  certainly  know  to  their 
sorrow  what  the  curtailments  and  decreased  service  privileges 
are  in  every  direction.  We  may  not  accept  all  of  these  cur- 
tailments gracefully,  as  we  all  doubtless  do  owe  share  of  com- 
plaining and  growling  on  our  way  to  and  from  the  office,  but 
at  the  same  time  we  all  appreciate  that  it  is  the  inevitable  and 
that  all  of  om*  criticisms  against  the  particular  railroad  or  the 
particular  trolley  Hne  that  we  may  be  patronizing  are  unwarrant- 
ed. We  are  coming  to  recognize  the  fact  that  we  must  accept 
a  little  more  graciously  these  hardships,  and  they  are  nothing 
less  than  hardships.  So  in  oiu*  own  line  of  business  it  seems  to  me 
that  we  must  accept  the  inevitable  and  curtail  our  service  efforts 
tr)dng  to  cultivate  in  the  minds  of  our  friends  that  they  must 
expect  less  from  the  electric  light  companies  in  the  same  way 
that  they  are  expecting  less  from  other  industries  or  concerns 
with  which  they  have  dealings.  No  one  appreciates  more  than 
the  central  station  man  these  problems  of  to-day  and  the  study 
that  is  being  constantly  given  to  them  certainly  bespeak  the 
patience  and  consideration  of  all  our  friends  and  acquaintances 
during  these  most  perplexing  times. 
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C.  A.  Adams:  There  is  one  aspect  of  this  subject  which  is 
immensely  interesting  to  me,  namely,  its  broad  aspect.  We 
are  dealing  with  a  problem  which  is  not  in  the  ordinary  sense 
technical;  it  is  largely  an  economical  problem.  We  find  more 
and  more  that  we  can  no  longer  be  mere  engineers  in  the  old  sense 
of  that  word  but  that  we  must  be  citizens  in  the  broadest  sense 
and  take  our  part  in  the  solution  of  the  big  social,  economic 
and  political  problems,  many  of  which  are  the  direct  result 
of  the  work  of  the  engineer,  and  can  be  best  understood  by  the 
engineer.  This  paramount  duty  is  being  emphasized  by  war 
conditions  and  should  be  faced  with  courage  and  fair-minded- 
ness. This  is  the  time  for  men  with  vision.  Who  more  than 
the  engineer  should  have  this  vision  ? 

There  are  two  or  three  little  points  in  the  paper  which  have 
caught  my  attention.  The  author  says,  '*A  conservative 
figure  for  the  increase  in  tonnage  due  to  lower  quality  and  non- 
uniformity  of  grade  is  10  per  cent,  etc."  I  think  that  this  is  a 
very  considerable  under  estimate  of  the  percentage  increase. 
Coal  as  it  comes  from  the  mines  now  is  not  picked  over  as  it 
used  to  be;  the  percentage  of  ash  has  gone  up  in  some  cases 
from  6  per  cent  to  10  per  cent  and  even  to  20  per  cent.  This 
means  not  only  an  increased  tonnage  in  proportion  to  the 
increase  in  ash,  but  also  lower  boiler  efficiency  and  larger  boiler 
capacity.  I  have  heard  it  stated  very  recently  by  central  sta- 
tion men  that  this  increase  in  ash,  slate,  stone,  etc.,  in  the  coal 
and  the  resulting  lower  boiler  efficiency  were  sufficient  to  increase 
the  total  consumption  by  50  per  cent  rather  than  10  per  cent 
and  that  the  ntimber  and  capacity  of  boilers  in  operation  some- 
times was  greater  by  about  40  per  cent  as  comppared  with  the 
ordinary  conditions  of  a  few  years  ago  when  the  coal  was  of 
superior  quality.  I  merely  pass  these  figures  along  as  they  do 
not  come  from  first  hand  experience. 

There  is  another  figure  quoted  concerning  which  there  is 
some  question  in  my  mind  and  that  is  the  average  of  four  pounds 
of  coal  per  kilowatt  hour.  With  otu*  enormous  central  stations 
operating  at  so  much  higher  economy,  I  should  be  inclined  to 
put  this  average  at  nearer  three  and  one-half  pounds. 

W,  B.  Jackson:  As  to  the  situation  in  Europe,  and  how 
these  problems  have  been  met;  I  cannot  speak  of  them  in  much 
detail  particularly  as  to  Germany  as  I  find  it  very  difficult 
indeed  to  obtain  authentic  information.  In  the  case  of  Eng- 
land, the  Government  has  not  taken  any  official  stand  in  the 
matter,  but  as  I  have  stated,  prices  for  power  have  been  raised 
very  greatly  indeed.  Several  of  the  largest  companies  in  Lon- 
don having  had  their  prices  raised  50  per  cent  flat.  In  Birm- 
ingham the  prices  have  been  raised  30  per  cent  flat,  with  a 
possible  later  additional  raise  in  price. 

In  regard  to  the  isolated  plants;  it  would  be  rather  pre- 
sumptious  to  say  that  all  isolated  plants  are  necessarily  going 
to  disappear.  This  question  was  discussed  in  the  paper,  where 
you  will  remember  we  referred  to  the  fact  that  probably  three- 
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quarters  of  the  boilers  used  in  the  isolated  plants  may  be  con- 
sidered as  not  necessary  for  heating  piirposes.  It  is  certain 
that  there  are  a  very  great  number  of  isolated  plants  today 
that  have  no  economic  or  other  proper  reason  to  exist. 

DISCUSSION  AT  NEW   YORK 

F.  A.  Bryan  (by  letter):  I  think  Mr.  Goodman  covers  the 
subject  very  thoroughly.  Plants  operating  wholly  by  water 
power  are  not,  of  course,  affected  to  as  great  an  extent  as  those 
operating  by  fuel  alone,  while  plants  operating  with  water 
power,  with  steam  reserve,  as  is  our  plant,  are  affected  very 
considerably,  although  not  as  much  as  if  we  depended  entirely 
on  fuel.  Our  situation  is  one  where  we  depend  both  on  steam 
and  water  power,  the  steam  plant  having  been  until  quite  recently 
almost  entirely  a  reserve  and  being  built  as  an  emergency  or 
reserve  plant,  we  did  not  go  into  the  refinements  for  cheap 
operation  required  in  a  continuously  operated  steam  plant.  The 
interest  on  the  investment  for  such  a  plant  over-balanced  the 
cost  of  occasionally  operating  the  plant  to  its  full  capacity. 
Now  we  are  confronted  with  this  condition.  Due  to  the  high 
cost  of  fuel,  customers  who.  depended  partially  on  our  service 
have  increased  their  demand  materially  and  manufacturers 
who  have  not  heretofore  used  our  service  at  all  have  immedi- 
ately demanded  service.  It  has  placed  a  load  on  us  far  in  excess 
of  our  anticipations,  increasing  very  materially  the  amoimt 
of  energy  required  of  our  steam  plant  and  we  are,  therefore, 
compelled  to  use  larger  quantities  of  fuel  than  ever  before  and 
perhaps  are  not  in  a  position  to  use  it  as  economically  as  we  could 
had  we  anticipated  and  prepared  for  such  demands.  I  think 
that  you  will  find  this  situation  true  of  all  combined  hydraulic 
and  steam  plants.  The  same  argimient  can  be  applied  to  the 
steam-heating  end  of  the  central  station  business.  Where  two 
years  ago  our  New  Business  Department  put  forth  their  great- 
est effort  to  have  oiu*  mains  loaded  up,  we  now  find  that  those 
residing  along  our  mains  are  not  only  requesting  steam  heat, 
but  demanding  it  and  at  a  time  when  the  price  of  steam  is 
practically  equal  to  the  cost  of  fuel  required  to  develop  it. 

The  fact  that  conditions  exist  as  outlined  in  Mr.  Goodmm's 
paper  are  undebatable.  The  question  with  the  central  station 
operator  today  is  "What  is  the  remedy?''  Business  is  being 
presented  to  him  unsolicited  in  greater  quantities  than  ever 
before  and  his  plant  is  being  abnormally  loaded,  while  at  the 
same  time,  his  ability  to  secure  additional  capacity  is  almost 
prohibited  both  on  account  of  cost  and  delivery  of  eqtiipment. 

Without  this  additional  eqtiipment,  Service,  such  as  he  has 
so  long  boasted  of  is  bound  to  be  impaired  and  with  impaired 
service,  even  during  war  conditions,  what  is  going  to  be  the 
effect  upon  his  ultimate  business  .»*  Our  position  in  this  matter 
where  large  customers  are  now  coming  on  our  lines,  is  to  advise 
them  that  in  case  of  any  interruptions  or  lack  of  capacity  on 
the  part  of  our  plant,  they  must  necessarily  be  the  first  ones  to 
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have  their  service  discontinued  but  even  this,  of  course,  will 
not  remedy  the  possible  interruptions  of  service  which  our 
old   and  regular  customers  are  bound  to  have. 

Assuming  that  the  central  station  can  purchase  additional 
capacity  to  take  care  of  increased  demand,  the  cost  as  compared 
with  costs  a  year  ago,  taking  into  consideration  the  actual 
cost  of  the  additional  equipment,  plus  the  increased  cost  of 
money,  is  approximately  twice  the  cost  under  normal  conditions. 
"With  the  State  permitting  a  7  per  cent  and  8  per  cent  rettim 
on  value  under  normal  conditions,  what  is  going  to  be  the  con- 
dition of  the  utility  when  times  rettun  to  normal  and  the  value 
of  equipment  inventoried  is  appraised  at  about  one-half  of  cost. 
In  other  words,  unless  the  States  change  their  attitude,  the 
central  station  will  actually  lose  money  on  such  betterments. 
In  the  face  of  such  a  possibility,  is  the  central  station  justified, 
even  if  they  can  get  deUvery  on  equipment,  in  pitrchasing  under 
existing  conditions  in  order  to  take  care  of  the  increased  demands? 
Furthermore,  is  a  central  station,  as  long  as  they  have  auxiliary 
equipment,  imder  existing  rates  and  costs,  justified  in  loading 
up  this  equipment  with  tWs  abnormal  business  to  the  detriment 
of  their  service  to  their  regular  customers? 

I  do  not  see  any  remedy  for  the  predicament  of  the  average 
central  station  today  other  than  the  raising  of  rates  to  offset 
the  tremendous  increase  in  cost.  Nor  do  I  see  any  legitimate 
reason  why  commissions  should  refuse  to  increase  the  rates  to 
offset  these  abnormal  increases  and  I  believe  that  the  public 
will  not  protest  against  a  legitimate  increase  in  rates  when  the 
central  station  can  show  that  their  costs  have  so  tremendously 
increased.  The  increase  of  rates,  as  I  see  it,  is  the  only  way  in 
which  the  pubUc  utility  can  expect  to  survive  the  present 
abnormal   conditions. 

R.  G.  Hudson  (by  letter):  It  is  a  well  established  fact  that 
the  purchasing  power  of  a  dollar  is  less  in  time  of  war  than  in 
time  of  peace.  The  sale  of  any  commodity  during  war  time 
at  a  peace  price  infers  that  the  commodity  costs  no  more  to 
produce,  that  the  commodity  was  made  before  the  war,  that 
the  conMnodity  is  of  inferior  character,  or  that  the  producer 
is  content  with  a  smaller  profit. 

The  cost  of  producing  electric  energy  is  unquestionably 
greater  now  than  in  normal  times,  none  of  the  electric  energy 
now  offered  for  sale  was  made  before  the  war  and  it  is  obviously 
impossible  to  offer  an  inferior  brand  of  energy.  The  continu- 
ance of  the  normal  rates  for  electric  energy  during  war  time 
therefore  implies  that  the  producer  must  receive  a  smaller  profit. 

In  the  paper  just  presented  it  is  estimated  that  the  average 
return  in  1917  on  the  capital  invested  in  public  service  plants 
supplying  electric  light  and  power  must  be  less  than  2  per  cent 
while  in  normal  times  the  return  would  have  been  over  five  per 
cent.  The  directors  of  corporations  operating  plants  under 
average  or  worse  conditions  are  then  confronted  with  the  task 
of  deciding  whether  the  stockholders  are  not  entitled  to  a  greater 
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retiim  upon  their  investments,  how  long  their  plants  may  be 
operated  under  present  conditions  with  any  balance  of  profit 
and,  if  the  revenue  is  to  be  increased,  how  to  accomplish  that  end. 

It  is  reasonable  to  presume  that  otu*  public  service  commissions 
must  sanction  a  higher  return  to  investors  than  can  be  given 
to  them  in  some  cases  under  present  conditions.  The  attitude 
of  the  federal  government  is  reflected  by  the  recent  recommenda- 
tion of  the  President  that  the  railroads  under  government  con- 
trol should  receive  as  compensation  the  average  of  their  net 
operating  incomes  during  the  past  three  years.  Directors 
would  then  seem  to  be  supported  by  representatives  of  the 
public  in  any  effort  to  make  a  fair  return  to  the  stockholders 
during  the  war. 

To  operate  a  public  service  plant  with  the  revenue  barely 
exceeding  the  operating  cost  under  the  present  conditions  of 
steadily  advancing  costs  of  labor  and  materials  would  further- 
more be  precarious  and  unwise  since  public  service  corporations 
do  not  enjoy  the  privilege  accorded  the  private  corporations 
of  acciunulating  large  emergency  reserves  from  current  revenue. 
There  is  then  no  alternative  in  critical  cases  but  to  increase  the 
revenue. 

In  view  of  the  prevailing  tendency  of  the  public  to  economize 
in  all  expenditm-es  an  increase  in  rates  does  not  necessarily 
mean  a  proportional  increase  in  revenue  since  it  also  increases 
the  tendency  to  use  less  power.  In  conjunction  with  an  increase 
in  rates  an  earnest  effort  must  be  made  to  increase  the  number 
of  consumers  taking  off-peak  service. 

The  ideal  solution  of  the  problem  would  be  obtained  by  in- 
creasing the  number  of  consumers  to  the  extent  that,  with  each 
consumer  taking  less  load  than  usual,  the  total  load  on  the  sys- 
tem wotdd  be  unchanged  and  the  increased  revenue  would  be 
proportional  to  the  increased  rate.  Such  a  solution  takes  into 
account  the  psychological  effect  of  an  increased  rate  on  the 
consumer  in  times  of  enforced  economy,  the  necessity  for  the 
conservation  of  coal,  the  desirability  of  maintaining  the  status 
quo  of  the  plant,  and  the  problems  associated  with  the  recon- 
struction period  after  the  war.  The  promotion  department 
^vas  never  more  important  and  the  field  of  promotion,  while 
narrowed  by  an  increased  rate,  must  constantly  broaden  as 
the  condition  of  the  isolated  plant  becomes  more  critical. 

The  author  of  this  paper  also  raises  the  distinct  and  separate 
question  regarding  the  manner  of  meeting  the  threatened 
shortage  of  coal  and  labor.  To  adjust  this  situation  the  public 
must  be  instructed  openly  regarding  the  existing  conditions  and 
the  possible  consequences.  Federal  authorities  must  be  con- 
vinced of  the  need  for  coal  and  exemption  boards  of  the  scarcity 
of  skilled  labor.  In  the  absence  of  governmental  regulation 
skilled  laborers  who  leave  their  positions  to  enlist  or  to  take 
up  more  remunerative  work  may  only  be  restrained  from  such 
action  by  building  up  poptdar  sentiment  against  it.  The  watch 
engineer  and  the  switchboard  operator  must  be  made  to  feel 
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that  they  serve  their  cotmtry  as  effectively  in  their  accustomed 
positions  as  among  the  military  forces.  The  opportunity  should 
be  given  such  essential  workers  to  enlist  in  an  industrial  Legion 
of  the  United  States  and  to  wear  appropriate  insignia  indicating 
their  loyalty  to  the  nation. 

Mortimer  Freund  (by  letter) :  The  central  electric  generating 
station  industry  is  so  vital  a  feature  of  our  economic  life  that 
its  continued  welfare  is  of  prime  importance  during  the  critical 
times  which  now  confront  us.  Our  determination  to  '*win  the 
war"  can  only  be  realized  by  placing  and  maintaining  in  healthy 
condition  the  constituent  parts  of  our  social  and  economic 
structure.  If  the  central  station  industry  is  up  against  it,  to 
use  the  vernacular,  or  approaching  this  state,  it  behooves  the 
engineering  profession  to  lose  no  time  in  investigating  the  causes 
and  the  remedies  and  to  make  stu-e  that  the  latter  are  applied 
without  delay. 

With  this  in  mind,  I  do  not  believe  it  proper  to  allow  to  pass 
unquestioned  the  authors'  statement  that  "the  economical 
central  power  generating  station  is  the  proper  meditun  for  the 
supply  of  large  power  requirements  arising  on  accoimt  of  the 
war",  and  further  that  "it  is  advisable  for  the  Government  to 
tise  every  reasonable  means  to  encotu-age  the  central  station 
companies  and  discourage  individual  power  plants  during  the 
war  period."  Both  of  these  statements  are  by  far  too  sweeping 
in  character  and,  as  a  matter  of  fact,  are  only  justifiable  for 
such  cases,  where  a  careful  and  disinterested  consideration  of 
all  the  circumstances,  will  warrant  such  a  conclusion. 

It  seems  to  me  that  for  the  second  statement  might  better 
be  substituted  the  following:  It  is  advisable  for  the  Govern- 
ment to  encourage  all  consumers  of  fuel  to  use  every  effort  to 
fulfi.ll  their  heat,  light  and  power  requirements  by  such  means 
as  will  utilize  fuel  most  economically  and  to  do  away  with  all 
existing  wastes  which  are  preventable. 

There  are  industrial  plants  for  example,  where  a  great  part 
if  not  all  of  the  electricity  used  is  virtually  a  by-product,  due 
to  the  utilization  of  exhaust  steam  from  the  electric  generating 
units.  I  have  in  mind  a  large  industrial  plant  which  up  to  1915 
operated  two  separate  boiler  plants,  the  output  of  one  of  which 
was  utilized  almost  entirely  in  pipe  coils  for  drying.  The  ex- 
haust steam  from  the  electric  generating  plant  was  wasted  in 
the  non-heating  season  and  only  partially  used  during  the  heat- 
ing season.  Substitution  of  purchased  electricity  had  been 
suggested.  Since  1915  the  exhaust  steam  has  been  utilized  in 
place  of  live  steam,  the  use  of  one  of  the  boiler  plants  has  been 
discontinued  and  the  actual  cost  of  electricity  in  view  of  the 
use  of  the  exhaust  steam  is  far  less  than  the  best  price  which 
outside  service  can  offer.  The  action  on  the  part  of  the  manage- 
ment of  this  mill  in  undertaking  the  changes  necessary  to  per- 
mit of  this,  has  not  only  paid  them  well  on  the  investment  made, 
but  has  benefited  the  country  to  the  extent  of  reducing  their 
fuel  consumption.    Sitrely  the  authors  do  not  recommend  that 
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the  Government  discourage  such  an  individual  generating  plant, 
although  such  a  conclusion  might  be  drawn  from  their  statement. 

This  calls  for  a  pertinent  inquiry  as  to  whether  or  not  certain 
of  our  central  stations  are  in  an  unhealthy  condition  because 
they  are  suflfering  from  "indigestion"  caused  by  "biting  off 
more  than  they  can  chew."  In  recent  years  a  number  of  the 
central  stations  have  been  very  energetic  in  conducting  cam- 
paigns for  the  shutting  down  of  private  power  plants.  This 
procedure  in  itself  is  quite  commendable,  if  carried  out  on  a  sound 
basis.  But  the  sale  of  electricity  at  ridiculously  low  and  un- 
profitable rates  merely  for  the  ptu-pose  of  swelling  the  list  of 
"Private  Power  Plants  Supplanted"  to  appear  in  advertisements 
in  the  daily  press  does  not  appear  to  be  based  on  sound  ecnomic 
principles.  Cases  have  been  recently  reported  where  even 
industries  necessary  for  the  conduct  of  the  war  have  been  hamp- 
ered due  to  their  having  abandoned  their  private  plants  for  central 
station  service,  which  is  now  unable  to  meet  the  increased  demand. 

An  engineer,  who  recommends  to  his  client  the  installation 
of  a  private  power  plant,  where  conditions  do  not  so  warrant, 
merely  for  the  sake  of  increasing  his  professional  fee,  is  very 
properly  denounced  by  reputable  engineers  in  a  no  uncertain 
manner.  A  man  who  installs  a  private  power  plant,  merely  as 
a  show  place,  where  sound  engineering  does  not  warrant  such 
a  plant,  is  wasting  the  natural  resources  of  the  country  and  is 
to  this  extent  actually  an  enemy  of  society.  By  the  same 
token  is  the  central  station  management  which  encotu^ages  the 
shutting  down  of  private  plants  just  for  the  sake  of  increasing 
its  own  prestige,  irrespective  of  the  fact  of  whether  or  not  real 
economy  is  secuted  (and  I  include  under  this  term  the  consider- 
ation of  continuity  of  service),  no  less  an  enemy  of  society, 
because  it  is  a  business  policy  to  do  so. 

I  hold  no  brief  for  the  private  power  plant.  There  are  un- 
questionably many  private  power  plants  now  in  operation  which 
should  be  supplanted  by  central  station  service.  It  has  been 
my  own  practise  to  recommend  central  station  service  in  all 
cases,  excepting  those  where  the  installation  of  a  new  private 
power  plant  or  the  continuance  of  an  existing  plant  will  show 
a  substantial  saving  in  the  cost  of  operation  or  other  advantages 
of  substantial  worth.  The  private  power  plant  is  not  an  obso- 
lete idea,  as  spme  have  been  trying  to  tell  us.  There  are  cases 
where  it  results  in  the  most  highly  efficient  production  of  heat, 
light  and  power  possible.  Each  case  should  be  decided  upon 
its  own  merits  and  not  on  the  basis  of  sentiment.  Sweeping 
generalities  are  in  my  opinion  unwarranted  and  misleading. 

Central  station  service  and  the  private  power  plant  shotdd 
not  be  in  conflict,  espedally  at  the  present  time.  Each  has  its 
proper  sphere  and  conditions  may  have  arisen  or  will  arise  in 
particular  instances  to  cause  one  service  to  supplant  the  other. 
It  has  been  and  will  be  to  the  mutual  advantage  of  many  cen- 
tral stations  and  private  power  plants  to  co-operate,  by  exchange 
of  service  at  different  times  of  the  day  or  during  different  seasons 
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of  the  year.  Friendly  competition  and  co-operation  shotild 
exist  between  central  station  management  and  the  manage- 
ment of  private  power  plants,  so  that  maximum  efl&ciency  in 
operation  may  be  maintained  and  the  greatest  benefit  accrue 
to  the  general  public.  This  is  a  policy  in  keeping  with  the  spirit 
of  the  times  and  necessary  for  the  conservation  of  our  resotu'ces. 
B.  J.  Arnold:  This  whole  question,  as  you  all  know,  is  a 
very  serious  one.  I  was  talking  today  with  the  president  of 
one  of  our  railroads,  and  he  told  me  that  they  were  within 
three  hours  of  having  to  shut  down  the  railroad  at  one  time,  on 
account  of  a  shortage  of  coal.  They  fortunately  got  relirf,  but 
they  have  to  shut  down  sections  of  the  track  now  in  order  to 
keep  the  service  going.  I  have  no  doubt  that  similar  conditions 
exist  with  other  companies  in  the  vicinity  of  New  York  and 
elsewhere,  although  I  do  not  happen  to  know  the  details  of  those 
cases.  Consequently,  it  behooves  every  one  of  us  to  do  every- 
thing we  can  to  conserve  what  fuel  we  have  or  can  get,  and  every 
manufacttirer  of  electric  current  I  have  no  doubt  is  doing  hi$ 
best  to  make  every  pound  of  coal  go  as  for  as  he  can. 

One  possible  way  in  which  the  manufacturer  of  current  can 
help  the  situation — and  incidentally  I  may  say  I  am  not  the 
first  man  to  think  of  it,  but  I  might  emphasize  it — would 
be,  with  the  consent  of  the  public  service  commissions — 
because  I  surmise  that  consent  will  have  to  be  obtained — to 
cut  off  certain  kinds  of  service  during  certain  periods  of  the 
day,  as  one  of  the  authors  has  pointed  out,  and  run  manufact- 
uring plants,  engaged  on  munitions  work,  and  any  other  work 
that  can  be  utilized,  during  the  daylight  period,  so  that  the  capac- 
ity of  the  plant  can  be  utilized  at  night  for  lighting;  in  other 
words,  distribute  the  capacity  of  the  plant  over  the  twenty- 
four  hour  period  by  dividing  up  the  classes  of  work  into  the 
kinds  of  work  that  can  be  utilized  in  the  respective  periods  of 
the  day,  and  take  full  advantage  of  the  total  possible  capacity 
of   the  plant. 

Some  of  us  who  have  to  do  with  electric  railroads  buy  power 
from  a  different  soiu-ce,  and  we  can  buy  power  from  our  relay 
systems,  our  emergency  sources,  during  certain  periods  of  the 
day  for  a  much  lower  price  than  we  can  during  the  peak  load, 
and  in  that  way  we  can  utilize  at  reasonable  cost  what  surplus 
power  we  buy  during  these  light  load  periods  or  daylight  periods. 
That  principle,  applied  in  a  general  way  to  the  power  producing 
properties  and  the  power  using  industries  will  help  out  in  the 
general  situation. 

That  is  not  anything  new,  but  is  something  we  may  have  to 
do.  The  greatest  thing  we  have  to  consider  today  is  what  will 
we  do  with  our  railroads  on  account  of  the  transportation  prob- 
lems, and  I  want  to  emphasize  this  point.  Some  of  us  have 
been  talking,  for  some  time,  upon  the  necessity,  or  advisability, 
at  least,  of  Government  control  of  the  operation  of  the  steam 
railroads,  and  I  may  say  that  we  thought  that  applied  also  to 
electric  railways,  but  not  to  such  an  extent,  for  the  reason  that 
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the  electric  railway  companies  have  shown  more  of  a  disposi- 
tion to  cooperate  and  coordinate  their  interests  than  the  steam 
railway  companies  have;  but  the  great  lesson  we  have  to  learn 
from  the  presidential  action  which  has  recently  taken  place 
in  the  Government  taking  over  the  operation  of  the  railways 
is  that  it  creates  conditions  whereby  the  steam  railway  compan- 
ies are  going  to  learn  by  a  great  example  the  advantages  of 
coordinating  their  interests  and  operating  their  terminals  jointly; 
that  is,  taking  the  freight  and  passenger  service  from  one  set 
of  tracks,  which  are  heavily  laden,  and  placing  a  part  of  it  on 
others  that  are  less  heavily  laden,  and  getting  the  advantage 
of  utilizing  the  entire  railroad  investment  of  the  country  to  the 
best  advantage,  and  avoiding  additional  lines  or  extensions, 
where  they  have  heretofore  been  thought  to  be  necessary,  to 
enable  the  railroads  to  compete  with  each  other.  That  proposi- 
tion will  apply  to  trunk  steam  lines  everywhere. 

We  have  been  laboring  in  Chicago  for  years  to  get  the  steam 
railroads  which  enter  that  city  fully  to  utilize  the  main  trunk 
terminals  tracks  as  they  now  exist  rather  than  to  attempt  to 
individually  extend  or  widen  them,  and  we  are  making  some 
progress.  As  you  know  there  is  another  such  situation  right 
here  in  New  York.  In  other  cities  which  we  have  gone  into  in 
the  past  we  have  also  found  this  disposition  on  the  part  of  the 
railroads,  to  build  side  tracks  into  new  industries  to  get  their 
portion  of  the  business.  There  are  certain  cases  where  the 
steam  railroads  have  cooperated  and  agreed  on  joint  tracks  in 
some  of  the  smaller  cities,  but  as  a  general  proposition  the 
steam  railway  companies  endeavor  to  get  their  own  side  tracks 
into  the  industry,  so  as  to  compete  for  the  business. 

I  think  that  is  wrong,  and  I  believe  that  one  of  the  great 
advantages  of  governmental  control  of  these  roads  at  the  pres- 
ent time  is  going  to  be  that  it  will  put  into  operation  a  system 
which  will  bring  about  the  coordinated  operation  of  the  railroad 
terminals,  and  that  we  will  never  go  back  to  the  old  plan,  because 
when  the  economies  that  can  be  affected  by  such  a  system  of 
operation  are  once  recognized,  the  railroads  will  take  advant- 
age of  and  continue  that  method  of  operation,  even  when  they 
get  the  roads  back  into  their  own  hands. 

I  do  not  want  to  blame  the  steam  railway  men,  as  we  know  that 
some  of  them  have  attempted  to  co-operate  in  the  past,  to  a 
certain  extent,  but  their  conditions,  and  prejudices  and  certain 
laws  have  worked  against  them — the  Sherman  Law  had  been 
the  principal  difficulty  in  the  way — and  they  have  been  unable 
to  bring  about  the  shipments  of  freight  as  effectively  as  they 
could  have  done,  if  they  had  not  been  handicapped  by  this 
law  and  by  their  own  prejudices,  in  some  instances.  It  has  been 
necessary  to  have  this  governmental  step  in  order  to  get  the 
problem  in  the  condition  it  is  in  today. 

I  think  the  same  thing  that  applies  to  steam  railway  terminals 
and  steam  railway  trunk  lines  can  be  made  to  apply  more  effec- 
tively, perhaps,  to  the  production  of  power  than  it  has  been  app- 
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lied  in  the  past,  although  in  the  last  ten  years  the  tendency  has 
been  toward  the  elinnination  of  the  small  power  producing  plant 
and  the  placing  of  the  load  on  the  central  station,  which  could 
produce  the  power  for  much  less  per  kilowatt-hour  distributed. 

There  in  no  question  in  my  mind  that  where  you  can  utilize 
the  steam  not  only  for  heating,  but  also  have  some  use  for  that 
heat,  aside  from  merely  heating  in  the  winter  time,  there  is  an 
advantage  in  having  an  isolated  plant.  For  instance,  in  a  hotel, 
where  you  need  steam  for  cooking  all  the  year  round  under  such 
conditions  as  that,  the  isolated  plant,  in  my  judgment,  will 
be  superior  to  the  central  station  for  power,  that  is,  it  can  pro- 
duce its  own  heat  and  electrical  energy  cheaper  than  it  can  buy 
it  from  the  station.  That  is  the  only  instance,  in  my  experience, 
where  I  foimd  that  it  wotdd  work  out  in  that  way,  otherwise,  it  is 
generally  cheaper  to  buy  electrical  energy  from  the  central  station. 

Philip  Torchio:  The  problem  before  us  tonight  is  of  national 
importance.  Col.  Arnold  has  just  made  reference  to  the  parallel 
of  the  railroads.  I  believe  that  the  national  investments  in 
public  utilities,  represent,  at  least  ten  per  cent,  and  probably 
fifteen  per  cent  of  the  railroads,  so  that  they  are  of  an  importance 
deserving  the  attention  of  all  people.  Incidentally,  the  pro- 
duction of  primary  power  equals  the  importance  of  all  railroads, 
in  so  far  as  the  consumption  of  coal  of  the  country  is  concerned. 

It  is  a  strange  position  in  which  the  public  utilities  are  placed 
in  abnormal  times  such  as  we  are  passing  through,  probably 
in  normal  times  it  is  almost  as  bad.  While  the  costs  of  pro- 
duction and  operation  increase,  public  utilities  are  not  allowed 
to  adjust  their  prices  accordingly,  as  all  the  other  commercial 
industries  are  allowed  to  do.  So  that  the  public  utilities  are 
facing  the  situation  of  increased  costs,  without  authority  of  read- 
justing the  revenue  for  their  service.  It  is  obvious  that  a  situa- 
tion of  this  kind  cannot  exist  indefinitely.  What  the  solution 
should  be  is  hard  to  outline  in  a  meeting  of  this  kind — I  do  not 
know  that  it  is  the  proper  function  of  engineers  to  advance 
schemes  to  solve  financial  problems.  It  is,  however,  the  duty 
of  the  engineer,  to  clearly  visualize  the  economic  factors  of  an 
engineering  problem.  It  is  perhaps  one  of  the  saving  graces 
in  this  war  that  we  seem  to  crystalize  our  ideas,  to  get  a  clearer 
insight  into  broad  problems,  to  get  a  quicker  perception  of  the 
true  fundamental  ethics  of  social  and  economic  problems,  than 
was  ever  done  before  in  normal  times. 

In  these  days,  we  can  visualize  broad  economic  questions 
without,  perhaps,  being  accused  of  doing  it  for  selfish  motives — 
we  can  visualize  the  best  interests  of  the  country,  not  only  for 
the  period  of  stress  through  which  we  are  passing,  but 
also  for  the  future  development  of  the  country.  To  outline  this 
goal  is  principally  the  function  of  engineers.  The  engineering 
profession  can  conmiand  a  full  knowledge  of  the  various  details 
and  factors  necessary  to  evaluate  and  solve  these  problems. 

The  power  problem  is  brought  home  to  all  of  us,  especially 
here  in  the  East,  by  the  lack  of  fuel.    There  is  an  appeal  made 
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now  that  every  means  possible  should  be  used  to  economize 
fuel.  All  of  the  advocates  of  the  development  of  potential  water 
powers  are  at  work  advising  that  the  country  should  promptly 
put  into  use  the  water  powers  in  the  cotuitry. 

Now,  it  is  essential  that  we  really  shoud  see  what  the  country 
ought  to  do.  I  want  to  give  you  a  mental  picture  of  the  situa- 
tion in  the  country  as  affecting  power  and  the  use  of  coal.  The 
United  States  in  the  year  1915  consumed  640,000,000  tons 
of  coal.  Of  this  amount  practically  one-half,  or  270,000,000 
tons  were  used  to  produce  primary  power,  and  the  other  half 
was  used  to  produce  heat.  In  addition,  there  was  produced 
through  hydroelectric  developments  about  five  per  cent  of  all 
the  primary  power  used.  The  270,000,000  tons  of  coal  generated 
power  at  an  efficiency  of  five  per  cent.  The  other  270,000,000 
tons  used  for  heating  gave  an  efficiency  of  fifty  per  cent.  Our 
efforts  should  be  concentrated  on  bringing  about  improvements 
in  these  efl&ciencies.  In  the  production  of  primary  power  we 
can  eliminate  the  consumption  of  coal  by  using  potential  water 
powers.  The  potential  water  powers  of  the  country  are  practi- 
cally two-thirds  in  the  Mountain  and  Pacific  States,  and  the 
other  one-third  are  in  the  remaining  states.  If  all  of  the  potentifd 
water  powers  of  the  country  east  of  the  western  and  mountain 
states  were  utilized  in  ftdl,  they  would  replace,  it  is  estimated, 
about  fifty  per  cent  of  all  the  primary  power  used  in  the  States 
east  of  the  Western  States.  It  will,  therefore,  sdways  be  neces- 
sary, with  the  ever  increasing  use  of  power,  that  the  nation  will 
need,  even  after  all  of  the  water  powers  are  utilized,  to  generate 
a  considerable  bulk  of  otu'  power  from  coal,  as  far  as  the  mind 
can  now  penetrate  the  future  of  sources  of  power.  Therefore, 
it  would  seem  that  the  steam  central  stations  of  the  nation, 
east  of  the  western  States,  are  to  be  a  prominent  and  permanent 
feattire  of  the  national  development. 

Let  us  neglect,  for  the  time  being,  the  exploitation  of  these 
water  powers,  and  let  us  confine  otir  study  to  what  we  can  accom- 
plish in  the  saving  of  a  part  of  that  270,000,000  tons  of  coal 
that  we  used  in  1915,  and  probably  350,000,000  that  were  used 
last  year,  for  the  production  of  primary  power.  I  said  that 
there  was  an  efficiency  of  five  per  cent.  If  we  had  today  central 
stations  developed  on  a  scale  equal  to  what  would  be  necessary 
for  the  development  of  potential  water  powers,  we  would  be  able 
today  to  generate  practically  four  times  the  energy  which  was 
generated  with  the  coal  which  was  used  in  1915.  Excluding  the 
power  that  was  generated  by  central  stations  in  1916,  which 
represented  probably  15  per  cent  of  all  the  primary  power 
used,  we  could  save  in  the  generation  of  the  85  per  cent  remaining, 
three-quarters  of  the  coal  used.  In  addition  if  we  installed  sys- 
tems developed  on  a  unified  and  large  scale  to  reach  out  through- 
out the  country  to  different  States,  we  could  by  the  use  of  such 
modem  equipment  as  we  would  add  to  our  present  stations, 
to  a  very  large  extent  carry  the  off  peak  loads,  that  are  now 
carried  on  less  efficient  old  type  apparatus. 
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I  estimate  that  this  inddental  saving  wotild  represent  prob- 
ably one-third  of  all  the  coal  used  by  central  stations,  which 
will  be  a  clear  saving  on  top  of  the  other  large  and  main  saving 
that  I  have  mentioned  before.  This  is  looking  into  the  future, 
when  the  coal  must  be  conserved  at  any  cost.  This  would  repre- 
sent a  saving,  as  I  said,  of  three-quarters  of  the  amount  of  coal 
that  is  being  used  with  old  fashioned  methods  of  steam  generation. 

Now,  the  nation  requires  certain  products,  which  cannot  be 
produced  except  by  the  use  of  cheap  power,  or  by  importation 
from  other  countries.  I  am  referring  to  materials  like  aluminum, 
caustic  soda,  the  nitrates,  ferro  silicon,  electric  steel,  etc. 

There  is  an  immense  need  in  the  country  for  the  products 
of  these  (Afferent  industries,  which  require  very  large  bulk  of 
cheap  power  in  the  development  of  the  products.  Now,  if  the 
country  has  the  water  powers,  and  the  country  must  have  these 
other  necessities,  it  seems  to  me  logical  that  the  water  powers 
should  be  dedicated  to  such  national  uses  rather  than  using  the 
water  powers  to  distribute  in  small  quantities  throughout  the 
territories  in  the  field  where  the  steam  central  station,  as  I 
said  before,  must  operate  in  the  futtire,  and  will  have  always  to 
operate.  The  reason  is  this, — ^if  you  take  away  from  the  steam 
central  station  the  desirable  load,  that  might  be  put  on  an  econom- 
ical water  j)ower  development,  the  operating  cost  of  that  steam 
central  station  will  increase.  That  is  an  economic  fact  that 
central  station  men  very  clearly  recognize,  but  often  engineers 
at  large  do  not  appreciate  this  fact,  that  if  we  transfer  the  eco- 
nomic load  from  one  station  to  another,  and  we  keep  operating 
the  other  station  for  reserve,  we  may  increase  the  operating 
costs  with  the  lesser  load  so  much  that  we  wipe  out  the  economy 
obtained  by  the  transfer  of  portion  of  the  load  to  the  other 
source  of  supply. 

I  am  not  going  to  take  more  time  in  analyzing  this  problem. 
I  hope  that  this  subject  will  be  more  fully  discussed;  it  is  of 
national  importance.  Nine  years  ago,  in  reviewing  the  futtire 
of  central  stations,  I  made  a  forecast,  to  which  one  of  the  leaders 
of  the  industry  paid  the  ambiguous  compliment  of  "poetic  re- 
marks." The  conditions  created  by  this  war  make  it  imperative 
that  we  visualize  the  future  for  our  guidance  in  the  present.  I 
am  not  old  enough  to  indtdge  in  quoting  myself,  but  as  the  fore- 
cast I  then  made  embodies  a  life  study  of  the  power  proV'<  ni^. 
and  is  timely  in  this  connection,  I  may  be  permitted  to  dr>  sc; 

"In  closing  this  forecast  I  would  say  that  in  the  progress  '^f  the 
gradual  uplifting  of  the  industrial  efficiency  of  the  country,  it 
is  the  province  of  the  central  station  companies  to  furnish  to 
the  nation  all  of  the  power  required  by  it  in  all  of  the  commercial 
industrial  and  agricultural  needs.  With  thousands  of  central 
stations  dotting  the  map  of  the  United  States  from  east  to  west 
and  from  north  to  south  with  a  closely  woven  network  of  power 
wires  connecting  the  heaviest  centers  to  the  most  humble  ham- 
lets, is  it  not  reasonable  to  expect  that  this  wonderful  organiza- 
tion should  ultimately  command  and  control  within  this  terri- 
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tory  the  generation  and  distribution  of  power  for  everything 
that  lights,  or  heats,  or  operates  machinery,  or  propels  vehicles 
or  trains  ? 

"To  carry  out  this  work  successfully,  the  industry  will  re- 
quire professional,  operating  and  business  men  of  broad  knowl- 
edge, sound  views  and  superior  ability,  thoroughly  qualified  to 
be  leaders  in  their  respective  fields  of  activity.'* 

It  is  hoped  that  this  subject,  with  the  correlated  subject  of 
utilization  of  potential  water  powers,  may  be  thoroughly  threshed 
out  from  a  broad  national  point  of  view  in  all  of  its  technical 
and  economic  details,  so  that  the  findings  of  engineers  may 
be  of  sure  guidance  to  legislators  in  their  future  actions  regard- 
ing one  of  the  most  vital  requirements  of  the  country. 

Philander  Betts:  It  was  about  three  years  ago  that  some 
of  the  public  utilities  began  to  feel  the  effects  of  the  war  condi- 
tions— I  refer  more  particularly  to  the  quality  of  service  that 
was  being  ftimished  rather  than  the  cost.  It  was  not  so  long 
after  that,  however,  that  some  of  them  began  to  feel  the  effect 
of  changes  in  cost,  and  something  more  than  a  year  ago  some  of 
the  electric  light  companies  in  New  Jersey  filed  with  the  New 
Jersey  Commission  proposed  increases  in  rates.  These  pro- 
posed increases  in  rates  were  based  on  increased  cost  for  coal, 
largely  due,  not  so  much  to  prices  paid  for  the  coal  itself,  but 
due  to  the  increased  cost  in  getting  the  coal  to  the  pl&nt.  Since 
that  time,  conditions  have  grown  worse  and  have  extended  to 
other  utilities. 

Something  more  than  a  year  ago  a  meeting  was  held  in  this 
building  of  a  committee  called  to  consider  the  advisability  of 
cooperating,  or  bringing  about  a  system  of  cooperation,  be- 
tween the  owners  and  operators  of  all  the  large  power  plants 
in  New  York  City  and  vicinity.  That  meeting  was  not  brought 
about  due  to  any  fear  at  the  time  of  increased  cost,  but  be- 
cause of  the  thought  that  it  was  necessary  to  protect  against 
the  possibility  of  interruptions  in  service.  The  result  of  the  work 
of  the  committee  was  to  determine  methods  by  which  each 
of  the  companies  could  obtain  service  from  the  other  companies, 
in  case  of  emergency,  including  full  information  with  regard  to 
available  men,  materials  for  repairs,  and  places  where  emergency 
connections  could  be  made  between  the  various  systems,  and 
this  information  and  like  information  was  all  very  carefully 
made  up  and  placed  in  the  hands  of  each  company. 

At  about  the  same  time  a  meeting  was  held  in  the  Engineers 
Club  of  the  representatives  of  all  of  the  large  water  companies, 
and  the  larger  municipalities  of  northern  New  Jersey  to  discuss 
the  same  subject.  In  addition  to  discussing  what  would  have  to 
be  done  in  case  one  company  or  one  munidpality  had  to  call 
on  the  others  for  help,  plans  were  evolved  and  put  into  effect 
last  spring,  nearly  a  year  ago,  providing  for  police  protection. 
I  may  say  that  police  protection  does  not  appear,  on  the  face 
of  it,  to  cost  very  much,  but  in  the  case  of  at  least  one  water 
company,  which  has  not  spent  very  much  in  its  ordinary  opera- 
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tion,  I  happen  to  know,  that  because  of  pohce  necessities  its 
operation  expenses  were  very  materiaUy  increased.  That  one 
water  company  has  already  been  granted  an  increase  in  its 
rates  by  the  Comnnission.  The  wisdom  of  having  such  co- 
operation between  the  water  compam'es  was  shown  in  the  last 
two  weeks  when  it  became  necessary  for  some  of  the  larger  water 
companies  in  northern  New  Jersey  to  help  out  the  city  of 
Jersey  City. 

Bringing  the  matter  down  a  little  closer,  a  nimiber  of  the 
companies  have  foimd  it  necessary  to  file  with  the  New  Jersey 
Commission — I  bring  this  home  to  New  Jersey,  a  sister  State, 
^  because  these  facts  have  come  before  us,  these  are  facts  which 
have  already  affected  the  people  at  large — provisions  for  in- 
creases in  certain  rates,  due  partly  to  increased  cost  for  labor, 
but  very  largely  to  the  uncertain  conditions  with  regard  to  coal 
supply  and  the  growing  increases  in  coal  cost.  A  much  more 
serious  condition  confronts  us,  though,  and  has  confronted  us 
in  the  last  few  days.  A  large  company  in  New  Jersey — and  its 
representative  here  can  tell  you  the  details — has  f otmd  it  neces- 
sary within  the  past  week  to  cut  off  probably  forty  per  cent  of 
its  power  load,  due  to  the  fact  that  it  simply  could  not  get  the 
coal  at  any  price  under  any  condition.  In  cutting  off  that  load, 
however — ^we  all  know  that  loads  are  not  segregated  in  a  way 
that  makes  it  possible  to  cut  off  certain  classes  of  service — all 
we  can  do  is  to  cut  out  certain  localities,  without  reference  to 
what  there  may  be  in  that  locality,  and  doing  this  has  caused 
a  cessation  in  the  manufacture  of  many  things  needed  in  the 
progress  of  this  war. 

The  situation  is  more  serious  even  than  we  thought,  in  a 
way.  Hundreds  of  men  and  women,  and  young  men  and  yoimg 
women,  have  appealed  to  the  Municipal  Employment  Bureau 
of  Newark  for  employment,  due  to  the  closing  down  of  works 
where  they  have  been  employed.  All  of  those  employed  in 
these  works  that  have  been  shut  down,  temporarily — we  hope — 
have  been  turned  away  by  the  Municipal  Employment  Bureau 
with  the  statement  that  it  was  not  wise  to  merely  give  them 
temporary  employment  in  some  other  place  which  would  proba- 
bly be  affected  the  same  way  a  few  days  later.  It  is  rather  a 
pessimistic  picttire,  but  it  is  better,  I  think,  that  we  face  the 
situation,  that  we  begin  to  realize  what  we  will  have  to  face. 

In  one  of  the  leading  papers  published  in  this  City  yesterday, 
there  is  an  article  referring  to  the  necessity  for  classifying  the 
uses  of  fuel,  in  the  first  place,  among  other  things,  was  placed  the 
schools,  that  it  was  primarily  necessary  to  furnish  coal  for  the 
schools.  The  newspaper  thought  that  that  was  not  a  proper 
classification,  but  it  may  have  been  a  proper  classification  for  New 
York  City,  due  to  the  fact  that  a  great  many  of  the  poorer 
people  in  the  City  had  no  heat  at  all  in  their  homes,  and  the 
only  way  the  children  could  be  comfortable  was  by  keeping  them 
in  school.  If  that  is  true,  then  the  schools  ought  to  be  tem- 
porarily arranged  so  as  to  accommodate  the  parents  as  well  as  the 
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children  during  at  least  a  portion  of  the  day.  If  that  is  a  fair 
statement  of  the  conditions,  then  it  may  be  wise  to  include  the 
sdiools  of  New  York  City  in  that  first  class. 

But  it  seems  to  me  the  vital  thing  is  to  keep  things  going, 
and  emplojrment  is  one  of  the  vital  things.  Emplo3rment  in- 
volves the  continuation  of  the  operation  of  machinery,  and 
therefore  it  seems  to  me  that  the  machinery  in  the  shops  and 
factories  doing  productive  work  of  a  certain  character  must  be 
given  the  preference.  If  that  is  done,  then  the  products  that  are 
needed  will  be  forthcoming,  and  the  people  themselves  will  have 
that  emplojrment  which  is  necessary  to  continue  them  in  their 
well  being.  , 

There  is  something  more  which  will  have  to  be  done,  however, 
at  least  for  some  little  time,  and  that  is  there  will  have  to  be 
a  classification  with  regard  to  the  needs  of  uses  for  power.  Much 
has  been  said  about  electric  signs  and  things  of  that  kind,  but 
electric  signs  constitute  a  smaU  proportion  of  the  load  that  is 
worr3dng  the  electric  power  company.  There  are  a  great  many 
things  for  which  power  is  used  which  will  have  to  be  temporarily 
either  laid  aside  entirely  or  at  least  curtailed.  This  possibly 
will  entail  the  greatest  governmental  regulation  perhaps, 
that  has  ever  been  attempted,  but  it  will  be  just  as  necessary 
as  the  imposition  of  the  draft  law  or  as  the  censtis  which  we  found 
was  necessary.  I  think  we  will  have  to  recognize  this,  and  all 
who  have  anything  to  do  with  the  operation  of  utility  plants, 
particularly  with  the  business  end  of  them,  will  have  to  take 
systematic  steps  to  acquaint  the  existing  customers  and  pros- 
pective customers  of  the  company  with  the  conditions,  with 
a  view  to  cutting  down  those  uses  of  energy  which  interfere  with 
the  proper  operation  of  those  things  which  inure  to  our  well  being. 

W.  S.  Gorsuch:  The  subject  of  cost  of  producing  power  is 
a  very  broad  and  important  one  which  must  be  studied  from 
both  a  financial  and  economical  viewpoint.  Especially  is  this 
true  under  the  present  conditions  which  make  it  imperative 
to  carefully  analyze  and  examine  power  costs,  and  to  look  into 
the  possibility  of  increasing  eflSciencies. 

The  increase  in  cost  of  labor,  material  and  fuel,  also  a  read- 
justment of  operating  conditions,  have  all  had  a  marked  influence 
upon  the  cost  of  producing  power.  I  will  briefly  discuss  in  a 
general  way,  the  magnitude  of  these  effects  with  particular 
reference  to  some  of  the  large  first-class  power  plants. 

One  of  the  elements  entering  into  the  cost  of  power  which  has 
been  materially  affected  by  war  conditions  is  the  cost  of  labor. 
The  authors  state  that  any  complete  study  of  the  effect  of  the 
increase  in  wages  of  the  electric  companies,  caused  by  war  con- 
ditions, would  be  a  difficult  task.  The  labor  situation  in  the 
power  stations,  however,  can  be  more  readily  analyzed  than 
that  of  the  entire  system  of  any  utility. 

The  increase  in  wages,  reduction  in  working  hours,  difl&culty 
in  retaining  efficient  men,  training  new  men,  all  have  been 
reflected  in  the  cost  of  producing  power.    In  many  instances 
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the  utilities  have  been  obliged  to  employ  very  inefficient  labor 
at  much  higher  rates  than  were  paid  efficient  men  before  war 
conditions  existed.  The  emplojrment  of  inefficient  labor  and 
the  enormous  labor  turn-over,  have  resulted  in  a  reduction  in 
economy  of  operation  and  an  increase  in  cost  of  power.  This 
situation  has  been  particularly  felt  in  the  boiler-room  where 
the  largest  portion  of  the  cost  of  producing  power  is  involved 
in  the  handHng  and  burning  of  coal. 

The  cost  of  a  large  portion  of  the  labor  in  the  power  station  has 
increased  as  much  as  55  per  cent.  Taking  into  account  the 
direct  increase  in  wages  and  the  increase  as  a  result  of  a  reduction 
in  working  hours.  I  believe  that  a  fair  average  increase  for  all 
labor  in  the  power  station  is  about  30  per  cent.  That  is,  consider- 
ing all  the  labor  charges  in  power  stations  of  appreciable  size, 
the  average  increase  in  cost  of  operating  and  maintenance  labor 
over  the  period  just  preceding  the  war,  is  about  30  per  cent. 

The  problem  of  reducing  working  hours  is  one  that  the  utili- 
ties will  be  confronted  with  for  some  time  to  come.  The  adop- 
tion of  a  six-day  week  schedule  for  every  employe  in  the  power 
stations,  necessitates  an  increase  in  the  nmnber  of  men  employed, 
and  involves  a  corresponding  increase  in  labor  costs  for  the 
same  output.  It  would  probably  be  unfair  to  charge  all  such 
increases  in  cost  to  war  conditions.  However,  the  present  con- 
ditions are  responsible  for  hastening  the  adoption  of  a  reduction 
in  working  hotirs. 

While  the  present  increases  in  wages  are  liable  to  remain 
after  the  return  to  normal  conditions,  it  is  more  than  probable 
that  we  wiU  be  in  a  position  to  employ  a  more  efficient  class  of 
men  than  at  the  present  time,  and  that  there  will  be  a  marked 
reduction  in  labor  turn-over. 

Another  item  involved  in  the  cost  of  generating  power  and 
which  forms  a  smaller  percentage  of  the  total  cost  of  operation 
and  maintenance  than  labor  cost,  is  Miscellaneous  Materials 
and  Supplies.  The  increase  in  cost  of  supplies  and  material 
other  than  coal,  for  operation  and  maintenance  of  the  power 
station,  has  been  very  erratic;  and  it  would  be  a  difficult  matter 
to  give  a  reasonable  average  figtu'e  representing  the  percentage 
increase.  There  has  been  an  increase  in  the  cost  of  many  of  the 
repair  parts  as  high  as  90  per  cent.  The  effect  of  such  enormous 
increases  in  this  class  of  material  is  to  curtail  in  repairs,  where 
such  can  be  done  without  interfering  with  the  economy  of  oper- 
ation. 

By  far,  the  largest  and  most  important  item  involved  in  the 
cost  of  producing  power  is  that  of  fuel.  The  cost  of  coal  like 
the  cost  of  labor  varies  so  materially  throughout  the  country, 
that  it  is  difficult  to  obtain  sufficient  reliable  data  to  determine 
an  average  figure  which  will  apply  to  all  generating  plants  of 
appreciable  size.  Increases  as  high  as  100  per  cent  and  over 
are  on  record.  Neglecting  the  quality  of  coal,  I  believe  that  an 
increase  of  from  66  to  70  per  cent  represents  a  fair  average 
figure  for  many  stations. 
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The  cost  of  coal  has  an  extremely  important  bearing  upon 
the  cost  of  power,  representing  about  70  per  cent  of  the  total 
cost  of  production  of  a  first-class  steam  power  plant,  prior  to 
the  enormous  increase  in  cost  of  coal  due  to  war  conditions. 
For  illustration,  consider  a  plant  which  prior  to  the  war  was 
generating  power  for  0.40  cents  per  kilowatt  net  output,  with 
a  coal  cost  of  0.28  cents  per  kilowatt  hour  net  output.  With  an 
increase  of  65  per  cent  in  cost  of  coal  per  ton,  the  cost  of  coal 
per  kilowatt  hour  net  output  will  be  0.462  cents,  or  more  than 
the  total  cost  of  operation  and  maintenance  before  the  increase 
in  cost  of  coal.  On  a  basis  of  an  increase  in  coal  cost  of  65  per 
cent  per  ton,  and  an  average  increase  in  total  power  station  labor 
of  25  per  cent  and  an  average  increase  in  miscellaneous  material 
of  50  per  cent  the  cost  of  coal  will  constitute  74.3  per  cent  of 
the -total  cost  of  production,  instead  of  70  per  cent  as  stated 
above.  The  above  illustration  is  on  the  basis  of  plant  efficiency 
and  B.  T.  U.  per  pound  of  coal  remaining  the  same. 

Many  utilities  have  been  obliged  to  accept  coal  of  inferior 
and  non-uniform  quality  at  a  considerable  increase  in  cost  per 
ton.  The  use  of  such  coal  results  in  lower  efficiency,  and  partic- 
ularly so,  when  we  are  operating  under  conditions  of  constantly 
training  new  and  unskilled  men  who  do  not  realize  what  it  means 
to  bum  coal  efficiently.  The  poorer  the  coal  with  respect  to 
ash  the  higher  will  be  the  loss  of  combustible  through  the  grates, 
which  loss  forms  an  appreciable  percentage  of  the  yearly  waste. 
This  has  been  of  much  concern  to  some  utilities  who  are  pajring 
very  high  prices  for  coal  which  contains  a  high  percentage  of  ash. 
In  the  foregoing  illustration  we  considered  coal  of  the  same 
B.  T.  U.  per  pound,  with  an  increase  in  price  of  65  per  cent  per 
ton.  To  show  the  effect  on  the  cost  of  power  with  coal  costing 
65  per  cent  more  per  ton  and  containing  less  B.  T.  U.  per  pound, 
let  us  consider  two  coals,  A  and  B,  and  apply  the  **Figure  of 
Merit"  (Trans.  A.  I.  E.  E.  1913,  page  1648.)  which  represents 
the  B.  T.  U.  per  dollar  after  correcting  for  ash,  and  B.  T.  U. 
lost  in  refuse. 

Figure  of  Merit : 

T.^TT               /      .    \     /2240%Xash^„^^^  ^    .     r      \ 

B.T.U.perton  (moist)—  i :^ X  B.T.U.  per  pound  of  refuse  I 

Price  per  ton,  (22401b.)     ($) 


Coal 

B.  T.  U.  per 
pound  moist 

Price  per 
ton.  2240  lb. 

1 

Percentage  of 
ash  in  coal 
as  received. 

B.  T.  U.  per 
pound  refuse 

Figure  of 
merit 

A 
B 

14.500 
13.000 

3.60 
6.77 

5 
10 

3.500 
4.000 

9.170.000 
4.890.000 
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From  the  Figure  of  Merit  of  each  grade  of  coal  given  in  the 
above  table,  it  will  be  seen  that  87.5  per  cent  moreB.  T.  U.  is 
obtained  from  coal  A.     That  is,  if  coal  B   is  used  which  costs 
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65  per  cent  more  per  ton  than  coal  A,  there  will  be  a  correspond- 
ing increase  in  cost  of  coal  per  kilowatt  hour  of  87.5  per  cent. 
Apply  this  increase  to  the  cost  of  coal  and  allowing  for  an  in- 
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crease  of  25  per  cent  in  the  cost  of  labor  and  an  average  increase 
in  miscellaneous  material  of  50  per  cent  the  cost  of  production 
including  operation  and  maintenance  is  increased  from  0.40 
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cents  to  0.6845  cents  per  kilowatt  net  output,  an  increase  of 
71  per  cent*  The  cost  of  coal  per  kilowatt  net  output  represent- 
ing 76.6  per  cent  of  the  total  cost  of  production.  That  is,  out 
of  every  dollar  spent  for  operation  and  maintenance  cost  in 
the  power  station,  76.6  cents  is  spent  for  coal,  the  market  price 
of  which  is  beyond  the  central  station  manager's  control.  If 
to  this  figure,  we  add  the  cost  of  boiler  room  labor,  neglecting 
cost  of  water  and  other  nniscellaneous  items,  we  will  find  that 
84  cents  out  of  every  dollar  is  used  in  the  boiler  room.  This 
brings  out  the  importance  of  careful  supervision  of  boiler  room 
operation  which  becomes  more  important  with  the  increase 
in  cost  of  coal,  and  which,  under  the  conditions  cited,  calls 
for  an  effort  to  obtain  the  maximum  value  from  each  pound 
of  coal. 


Fig.  3 

In  view  of  the  above,  if  any  adjustments  or  increases  are 
made  in  power  rates  to  cover  the  cost  of  coal,  they  should  be 
made  or  computed  on  the  basis  of  the  B.  t.  u.  per  dollar  and  not 
increased  cost  per  ton. 

The  recent  rise  in  the  cost  of  labor  and  material  has  increased 
operating  expenses  at  a  rate  much  faster  than  any  possible 
economics  resulting  from  a  decided  increase  in  load  factor  of 
load.  With  the  same  maximtmi  station  load,  and  an  increase 
in  load  factor  of  load,  there  will  be  a  reduction  in  cost  of  opera- 
tion and  maintenance  and  fixed  charges.  However,  the  econ- 
omy effected  by  operating  at  a  much  higher  load  factor,  may  not 
be  sufficient  to  compensate  for  the  very  large  increase  in  the 
cost  of  coal  and  labor.  This  feature  is  brought  out  very  clearly 
by  referring  to  the  curves  in  Fig.  1  which  are  fairly  representa- 
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tive  of  the  cost  of  power  for  a  plant  costing  $80  per  kilowatt 
before  war  conditions  existed.  Consider  the  plant  operating 
at  40  per  cent  load  factor  under  normal  conditions  as  to  cost 
of  labor  and  coal.  The  total  cost  of  power  will  be  0.700  cents, 
0.425  cents  of  which  represents  cost  of  operating  and  mainte- 
nance, and  0.275  cents  fixed  charges.  If  now  there  should  be 
an  increase  of  50  per  cent  in  the  cost  of  coal  per  ton,  having  the 
same  B.  t.  u.  per  potmd,  and  an  increase  in  labor  of  25  per  cent, 
and  at  the  same  time  the  load  conditions  readjusted  so  as  to 
operate  at,  say,  55  per  cent  load  factor,  the  total  cost  of  pro- 
duction will  be  0.746  cents,  0.546  cents  for  operation  and  main- 
tenance, and  0.200  cents  for  fixed  charges.  That  is,  operating 
at  55  per  cent  load  factor,  with  an  increase  in  cost  of  coal  and 
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labor  of  50  per  cent  and  25  per  cent  respectively,  the  total  cost 
of  power  per  kilowatt  hour  net  output  is  6.5  per  cent  higher 
than  when  operating  at  40  per  cent  load  factor  with  no  increase 
in  cost  of  coal  or  labor.  The  difference  is  still  greater  in  a  plant 
costing  $60  per  kilowatt,  as  can  be  seen  by  referring  to  Fig.  2. 
On  the  other  hand,  with  a  higher  load  factor,  the  voltmie  of 
business  is  increased,  and  the  increase  in  the  cost  of  coal  may 
be,  to  a  large  extent,  offset  by  the  sale  of  power,  depending 
upon  the  rate  charged. 

Much  has  been  said  of  late  about  closing  small  isolated  plants 
and  transferring  the  loads  to  central  stations.  Aside  from  the 
spirit  of  patriotism,  there  is  one  vital  question  which  concerns 
the  smaller  company,  and,  that  is,  can  the  larger  power  plant 
generate  power  cheaper  than  th^  smaller  plant,  taking  every- 
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thing  into  consideration?  The  smaller  plant  will  have  to  carry 
fixed  charges  on  all  its  investments  whether  it  generates  its 
own  power  or  purchases  power  from  another  source.  The 
question  then  is,  can  the  central  station  sell  power  to  the  smaller 
plant  at  a  price  equal  to  or  less  than  the  cost  of  operation  and 
maintenance  of  the  smaller  plant  ? 

To  illustrate,  let  us  consider  two  plants,  one  having  a  maxi- 
mum hour  load  of  40,000  kw.  and  operating  at  45  per  cent 
load  factor  of  load,  and  a  smaller  plant  having  a  maximum  hour 
load  of  10,000  kw.  and  a  load  factor  of  25  per  cent,  the  maxi- 
mum hours  occurring  at  different  times.  To  see  what  would 
happen  when  these  two  load  curves  are  combined,  the  smaller 
has  been  added  to  that  of  the  larger  plant,  as  shown  in  Fig.  3. 
The  corresponding  cost  of  operation  and  maintenance,  also 
fixed  charges  per  kilowatt  hour  net  output  at  various  load  factors 
are  shown  in  Fig.  4.  A  study  of  the  curves  of  both  Figures  3 
and  4  will  show  that  the  result  of  transferring  the  load  of  the 
smaller  to  the  larger  plant  as  far  as  the  total  generating  cost  is 
concerned,  is  that,  there  is  a  diversity  of  power  station  demands 
of  5000  kw.,  and  that  the  reduction  in  total  generating  cost  per 
kilowatt  hour,  practically  wipes  out  the  investment  cost  of  the 
smaller  plant.  While  the  illustration  represents  a  special  case, 
it  is  evident  that  the  problem  is  purely  an  economic  one,  which 
requires  careful  analysis  and,  that  the  decision  must  be  made  on 
the  merits  of  the  individual  case. 

H.  M.  Hobart:  War  is  such  a  cruelly  sad  business  that  one 
is  reluctant  to  find  any  benefits  in  it.  However,  as  regards  this 
matter  of  the  business  of  manufacturing  and  selling  electricity, 
this  war  has  brought  about  the  millenium,  or  at  any  rate,  has 
brought  about  the  foundations  upon  which  a  substantial  millen- 
ium can  be  based.  Far  seeing  engineers,  such  as  Messrs. 
Ferranti  and  Merz  in  England,  and  Mr.  Torchio  in  America, 
had  long  ago  explained  the  situation  to  us.  They  had  demon- 
strated to  us  clearly  that  if  we  could  have  a  large  enough  load 
of  a  suitable  character  the  cost  of  electricity  could  be  halved 
and  halved  again,  but  unless  we  bring  the  cost  of  electricity 
down  to  so  low  a  figure  as  a  fraction  of  a  cent,  they  foretold 
and  figured  out  clearly,  that  we  cannot  hope  to  get  the  satis- 
factory large  load.  On  the  other  hand,  without  the  large  load 
it  is  impossible  to  bring  down  the  cost.  What  has  this  tragedy 
of  war  done  in  that  respect?  It  has  forced  on  us  the  large 
load  of  very  desirable  characteristics. 

The  authors  have,  it  seems  to  me,  emphasized  only  one  side 
of  the  picture.  There  is  a  great  deal  of  truth  in  the  side  which 
they  portray,  and  portray  so  vividly,  but  there  is  this  other 
side.  The  authors  do  not  give  even  a  suggestion  that  there  is 
this  other  side,  and  in  the  discussion  speaker  after  speaker 
has  echoed  their  cry  of  the  threatened  ruin  of  the  electrical 
manufacturers.  The  cost  of  electricity  is  based  chiefly  upon 
three  things :  cost  of  fuel,  cost  of  wages  and  amount  and  char- 
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acteristics  of  the  load.  If  the  cost  of  fuel  is  great,  it  is  a  handi- 
cap; if  the  cost  of  wages  is  great,  with  relation  to  the  intelli- 
gence and  activity  of  those  to  whom  these  wages  are  paid, 
it  is  a  handicap;  but  chief  of  all,  for  years  we  have  emphasized 
as  the  heaviest  handicap  the  smallness  of  the  load.  The  small- 
ness  of  the  load  has  been  agreed  to  be  the  heaviest  handicap. 

What  have  the  authors  done  ?  They  have  left  out  the  denomi- 
nator in  their  paper,  and  that  denominator  is  the  output  in  kilo- 
watt-hours. We  must  take  into  consideration  the  fuel  per  kilo- 
watt of  output,  the  wages  per  kilowatt-hour  of  output,  and 
the  capital  and  overhead  charges  per  kilowatt-hour  of  output. 
The  output  is  going  up  tremendously.  In  peace  time  it  would 
lead  VLS  to  extravagance.  We  would  buy  much  more  machinery 
for  the  generating  stations.  We  now  simply  cannot.  We  use 
to  better  effect  that  which  we  have,  and  trust  to  pulling  through, 
and  thus  reach  conditions  which  enormously  decrease  the  over- 
head charges  per  unit  of  output.  The  large  load  also 
decreases  to  a  slight  extent  the  fuel  charge  per  unit  of  output, 
and  very  largely  decreases  the  wages  charge  per  unit  of  output. 
As  the  years  go  by,  the  charge  for  wages  will  become  less.  In 
every  progressive  electrical  undertaking  the  managers  pride 
themselves  on  the  increasing  utilization  of  machinery  and  the  de- 
creasing number  of  men  employed  per  kilowatt-hour  of  output. 
The  boiler  house  is  an  utterly  different  place  today  from  what 
it  was  ten  years  ago.  I  consider  that  all  these  aspects  of  the 
subject  should  be  introduced  into  the  discussion. 

There  are  serious  handicaps  on  which  the  authors  enlarge. 
But  let  us  turn  to  England.  The  authors  refer  to  the  situation 
in  London.  They  say  that  in  an  issue  of  the  London  Electrical 
Review,  the  date,  of  which  they  do  not  give,  it  was  stated  that 
there  had  been  a  50  per  cent  increase  in  rates.  London  is  an 
exception — it  might  well  be — there  are  seventy  little  stations, 
equipped  years  ago,  aijd  it  is  a  hard  burden  on  the  antiquated 
machinery  in  these  times.  Go  to  the  north  of  England,  the 
Tyne  or  the  Clyde,  or  to  the  Midlands.  In  undertakings  in 
those  districts  I  should  be  very  much  surprised  to  find  that 
there  had  been  any  considerable  increase  in  rates.  Any  increase 
in  the  rates  for  electricity  in  these  districts  will  have  been  very 
slight  if  there  has  been  any  at  all.  That  is  because  they  are 
equipped  with  modern  plants.  Take  the  case  of  the  T)nie,  dozens 
of  stations  all  feed  into  one  network,  and  all  sorts  of  sources  of 
power  contribute  to  a  common  network.  The  output  is  enor- 
mously increased  by  the  munitions  works  that  are  being  put  up, 
and  the  great  activity  in  shipbuilding  and  in  other  lines.  For 
the  same  reasons  an  enormous  increase  in  the  output  is  taking 
place  here. 

Again,  it  is  only  a  matter  of  conjecture,  but  I  think  if  we  were 
to  analyze  the  output  of  any  large  concern  manufacturing 
dynamos  or  motors,  it  is  very  likely  we  should  find  three-quar- 
ters of  the  output  is  for  private  customers  and  one-quarter  of 
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the  output  for  the  electricity  supply  corporations.  It  is  that 
ratio  which  counts,  and  while  I  have  not  herewith  me  any  figures 
to  prove  the  case  that  the  manufacturers  of  electricity  are 
exactly  in  clover,  I  do  maintain  that  both  sides  of  the  sit- 
uation ought  to  be  equally  carefully  examined  before  we  airive 
at  a  definite  conclusion. 

D.  C.  Jackson:  There  is  one  point  in  the  situation  which 
has  not  been  brought  out  in  the  discussion,  and  which  is  scarcely 
touched  on  in  the  paper.  Many  years  back  it  was  the  habit 
of  people  to  say  that  that  nation  would  be  the  greatest  which 
had  the  greatest  supply  of  coal,  lime  and  iron  ore.  Now,  that 
is  too  materialistic  to  be  convincing,  in  view  of  the  fact  that 
modem  civilization  rests  upon  the  principle  of  Christianity, 
but  there  is  a  good  deal  of  truth  in  it,  after  all,  when  it  is  analyzed. 
Civilization  of  the  Twentieth  century  depends  upon  those  char- 
acteristic structures  which  abbreviate  space  and  annihilate  time, 
that  is,  on  transportation  and  intercommunication,  and  these 
do  depend  upon  the  railroads  and  the  means  of  communication, 
which  in  turn  distinctly  depend  upon  the  supply  of  coal  and 
iron  ore,  from  which  steel  may  be  made.  I  will  not  argue  that 
point  fiuther,  because  of  lack  of  time,  but  I  will  turn  directly 
to  the  particular  and  extraordinary  circumstances  in  which  we 
now  rest. 

We  have  taken  upon  ourselves  a  laboring  oar  in  the'  most 
remarkable  and  the  biggest  enterprise  the  world  has  seen,  and 
it  is  one  that  we  have  entered  upon  with  the  idea  firmly  fixed 
in  our  minds  (and  doubtless  it  is  right)  that  it  is  for  the  welfare 
of  the  world  and  for  the  betterment  of  civilization.  Under  the 
circimistances,  it  is  wise  to  analyze  exactly  where  we  are  at. 
War  in  the  old  days,  at  one  time,  consisted  of  a  man  and  a  horse, 
with  an  iron  housing,  and  a  couple  of  armorers  to  take  care  of 
it,  but  it  has  become  an  entirely  different  matter.  For  instance, 
in  our  Civil  War,  a  very  critical  situation  was  met  by  a  single 
instnmient,  built  in  record  time,  as  I  remember,  three  months, 
and  that  was  Ericsson's  Monitor,  and  one  or  two  other  such 
instances  may  have  provided  the  solution  of  the  situation  in  the 
Civil  War.  But  if  we  look  at  the  matter  today,  we  will  see  that 
a  single  submarine,  or  a  dozen  submarines,  will  not  solve  the  situa- 
tion for  one  group  of  belligerants,  nor  will  a  single  flying  machine, 
or  perhaps  ten  thousand  flying  machines,  solve  it  for  the  other. 
The  problem  has  become,  apparently,  a  problem  of  production 
on  a  very  rapid  and  at  the  same  time,  economic  scale; — rapid, 
that  it  may  meet  the  requirements  of  the  situation,  and  economic, 
so  that  it  may  meet  the  possibilities  of  expenditure  of  funds, 
I  mean  in  regard  to  the  raising  of  funds,  rather  than  the  mere 
outlay  of  them. 

That  brings  us  directly  to  the  point  of  the  central  station 
as  an  important  factor  in  production.  There  is  no  question 
about  the  necessity  of  our  ftirther  expanding  our  industries, 
and  very  greatly    expanding  them,  whether  the  war  goes  on 
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for  a  long  time  or  not,  because  if  we  do  not  expand  them  we 
are  assured  of  a  long  war.  The  rapidity  of  expansion  of  our 
industries,  with  the  economical  production  of  mechanical  power 
necessary  for  their  welfare  is  inevitably  bound  up  with  the 
development  of  the  centi*al  station  to  a  much  larger  degree  than 
we  are  now  utilizing  in  the  war,  and  it  is  a  factor  of  great  im- 
portance that  our  national  authorities  should  take  this  fully 
into  accotmt,  which  they  have  not  yet  apparently  done.  It 
is  a  part  of  the  duty  of  electrical  engineers  in  the  present  juncture 
to  push  that  particular  feature  along  with  the  utmost  of  their 
enthusiasm  and  their  force. 

I  will  speak  of  one  other  point,  and  that  is  the  shortage  of 
labor.  I  have  been,  at  a  great  expenditure  of  time  and  mental 
effort,  serving  on  the  District  Board  which  has  in  Boston  the 
classification  of  industrial  workers  with  respect  to  the  draft. 
I  have  become  convinced  that  there  is  a  very  great  difficulty 
in  getting  satisfactory  industrial  workers  of  skill  and  character 
who  will  stay  at  home  and  do  their  work,  because  such  men  are 
fidl  of  vigor  and  fidl  of  enthusiasm  and  are  rather  likely  to  de- 
sire to  go  into  the  great  enterprise  directly.  At  the  same  time 
a  very  able  and  intelligent  labor  leader  said  not  long  ago — "There 
is  no  shortage  of  labor.  There  are  twenty  thousand  idle  hands 
in  the  State  of  Massachusetts."  Massachusetts  has  a  popu- 
lation of  three  million  people,  and  has  eight  thousand  square 
miles  of  area.  It  is  not  a  very  great  factor  in  the  United 
States — ^not  so  much  in  those  lines,  but  in  some  lines  it  is.  I 
asked  him  whether  he  was  sure  that  his  statement  was  correct. 
He  said — *'I  am  sure,  but  the  difficulty  is  not  the  number  of 
men,  it  is  the  distribution."  I  told  him  that  I  had  heard  a  lot 
about  distribution,  that  the  men  were  always  fifty  miles  away 
when  you  wanted  them.  He  said — "That  is  not  what  I  mean, 
but  distribution  in  trades.  The  large  proportion  of  bricklayers 
in  the  State  are  idle  at  the  present  time,  but  there  is  a  frightful 
dearth  of  sheet  metal  workers."  Can  not  we  do  something  to 
translate  bricklayers,  who  are  skilled  men  with  their  hands,  and 
some  with  their  brains,  into  sheet  metal  workers.  There  is  a 
point  worthy  the  consideration  of  engineers. 

P.  H.  BarUett  (by  letter):  This  paper  will  undoubtedly  be 
regarded  as  a  notable  stimming  up  of  the  present  very  un- 
settled and  uncomfortable  situation  of  many  of  the  electric 
light  and  power  properties.  The  subject  has  not  only  been  analy- 
zed quite  thoroughly  from  the  viewpoint  of  the  problems  of 
cost  and  operation  confronting  the  industry,  but  the  arguments 
contain  suggestions  and  possible  remedies  looking  to  the  solu- 
tion of  some  of  these  problems.  Intelligent  discussion  or  con- 
tructive  criticism  is  difficult,  however,  on  questions  or  problems 
which  have  arisen  so  suddenly  and  more  or  less  unexpectedly 
and  from  which  the  industry  is  in  many  instances  still  struggling 
to  extricate  itself.  Changes  in  policies  which  have  become  tradi- 
tional, reorganization  of  ideas  and  the  alterations  in  methods 
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and  practise  necessary  to  quickly  meet  the  conditions  arising 
in  the  present  emergency  have  left  some  of  us  at  least  more  or 
less  at  sea  as  to  the  present  status.  The  labor  question,  however, 
while  very  much  accentuated  at  this  time,  is  an  ever  present 
one,  and  a  few  observations  on  this  subject  may  be  timely. 

With  the  larger  operating  companies,  more  perhaps  than 
with  the  smaller  companies,  the  question  of  labor  turnover  has 
been  critical.  A  recent  analysis  of  figures,  complied  by  several 
departments  of  a  large  operating  company,  for  the  year  1917, 
show,  in  one  instance  a  turnover  of  570  employes  out  of  a  total 
of  547  on  the  payroll  at  the  beginning  of  the  year  or  106  per  cent 
with  a  total  of  498  employes  at  the  end  of  the  year  or  a  net 
reduction  of  49.  Naturally  all  of  the  positions  were  not  affected, 
some  of  them  being  filled  once  and  others  several  times,  the  anal- 
ysis showing  that  the  positions  affected  by  the  labor  turnover 
were  270  out  of  the  total  of  547,  or  a  turnover  percentage  of 
positions  affected  of  211  per  cent.  In  analyzing  this  in  more 
detail,  there  was  one  group  of  90  highly  trained  technical  men 
in  which  the  labor  turnover  during  the  year  was  73  or  81  per 
cent,  leaving  a  net  total  at  the  end  of  the  year  of  86  employes; 
the  positions  affected  by  the  turnover  in  this  case  being  39  or 
a  turnover  percentage  of  positions  affected  of  187  per  cent. 
In  another  similar  group  of  96  trained  and  semi-trained  techni- 
cal men,  the  turnover  dimng  the  year  was  96  or  just  100  per 
cent,  the  number  of  positions  affected  by  the  turnover  in  this 
case  being  higher,  namely  56  or  172  per  cent.  Of  the  547  em- 
ployes in  these  departments  on  January  1st,  1917,  over  100, 
or  approximately  20  per  cent,  have  entered  the  military  or 
naval  or  other  service  of  the  government,  and  of  the  498  employes 
on  the  payroll  at  the  end  of  the  year,  60  are  girls  who  have 
replaced  men,  some  of  them  on  what  might  be  called  semi- 
technical  work. 

While  the  conditions  which  have  created  the  present  unprece- 
dented demand  for  labor  of  all  classes  have  also  resulted  in  a 
decreased  activity  in  certain  other  directions,  which  has  tended 
to  reduce  to  some  extent  the  work  to  be  performed  by  some  of 
the  groups  covered  by  the  above  figures,  and  while  economics 
in  work  in  other  directions  have  enabled  a  certain  reduction 
in  some  divisions  of  the  force,  or  rather  the  necessity  of  filling 
certain  vacancies  has  been  eliminated,  nevertheless,  there  has 
been  the  general  and  usual  increase  of  from  15  to  20  per  cent  in 
essential  work  which  must  be  accomplished.  Considering  the 
more  or  less  great  effort  to  maintain  these  forces,  together  with 
the  fact  that  a  large  percentage  of  the  existing  employes  are 
more  or  less  inexperienced,  the  results  are  not  such  as  to  encourage 
optimism. 

The  causes  for  such  an  unusually  high  percentage  of  turn- 
over are  apparently  due  to  several  reasons,  some  of  which  have 
been  mentioned.    For  instance: 

First:    High  remuneration  or  wages  paid  by  other  industries. 

Second:   Military  reasons. 
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Third:  Many  of  the  positions  are  of  such  a  nature  that  they 
are  difficult  to  fill  even  under  nonnal  conditions, 

Fourth:  The  generally  unsettled  condition  and  unrest  among 
all  classes  of  labor. 

Referring  to  the  first  reason,  while  an  certain  upward  revision 
of  salary  must  be  anticipated,  it  is  obvious  that  the  power 
company  whose  rates  are  regulated  by  law,  and  were  originally 
predicated  on  cost  of  labor,  material  and  operation  in  general 
based  on  normal  trade  conditions,  is  unable  to  pay  salaries 
equivalent  to  those  of  other  industries,  manufactiu-ers  and  dis- 
tributors whose  rates  can  fluctuate  with  and  do  reflect  every 
rise  in  the  market,  nor  can  they  compete  in  this  respect  with  the 
very  necessary  and  essential,  but  what  might  be  termed  mush- 
room industries,  bom  and  fostered  under  the  present  national 
emergency  and  whose  life,  in  many  cases,  will  be  equal  only 
to  the  life  of  the  emergency  and  who  are  in  many  instances  work- 
ing directly  or  indirectly  on  government  contracts  with  a  guar- 
anteed overhead  and  a  percentage  on  the  cost.  Nor  woi2d  it 
appear  to  be  wise  to  attempt  to  meet  apparently  inflated  rates 
of  wages,  which  in  the  event  of  a  downward  trend  later  On 
would  result  in  expensive  and  top-heavy  organizations,  or  the 
undesirable  expedient  of  reductions  to  again  meet  normal  con- 
ditions. The  alternative  is  that  the  utility  must  accept  in  the 
rank  and  file,  raw  material  of  little  or  no  experience  and  begin 
on  a  larger  scale  the  more  or  less  laborious  process  of  training 
men  for  their  particular  work.  This  again  adds  to  the  percentage 
turnover,  due  to  the  weeding  out  of  undesirable  or  unfit  material, 
and  also  in  many  instances  to  the  fact  that  as  soon  as  the  em- 
ployee becomes  partially  trained  along  some  particular  line 
which  makes  him  valuable  in  some  other  industry,  there  is 
apt  to  be  another  vacancy  in  the  force. 

Referring  to  the  second  cause  mentioned,  namely,  loss  of 
men  due  to  their  entering  the  military,  naval  or  government 
service,  either  by  volunteering  or  draft.  This  has  been  in  some 
units  quite  serious,  irrespective  of  the  optimistic  view  taken  by 
our  government  officials.  It  has  been  stated  that  about  80  per 
cent  of  the  industrial  and  agricultural  workers  of  the  cotmtry 
are  not  subject  to  call,  being  either  above  or  below  the  age  limit 
or  on  account  of  dependents  and  that  only  3  per  cent  have  thus 
far  been  taken  from  the  industrial  or  agrictdtural  fields,  and 
while  granting  this,  the  fact,  remains,  as  before  stated,  that 
over  20  per  cent  of  the  trained  men,  with  an  average  of  over 
four  years*  service  in  one  department  of  one  power  company, 
have  already  entered  the  government  service — the  majority 
of  them  volunteers — and  many  more  will  be  taken  in  the  next 
draft  tmless  the  industrial  claims  asked  for  are  recognized. 
Among  the  reasons  for  this  high  percentage  of  loss,  it  may  be 
noted  that  the  industry  is  young  and  its  great  growth  has  ne- 
cessitated the  employment  of  young  men  of  high  character  and 
ability  who  can  be  trained  for   the  particular  work  in  which 
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they  are  engaged,  and  these  are  the  character  of  men  who  are 
usually  the  first  to  volunteer  or  who,  on  account  of  age,  fall 
within  the  draft  limits.  The  industry  must  expect,  however, 
to  lose  a  certain  percentage  of  their  forces  to  the  government 
service  and  this  is  not  tmduly  alarming,  except  perhaps  in  iso- 
lated cases  where  temporary  inconvenience  will  result,  providing 
that  the  balance  of  the  forces  can  be  maintained. 

The  third  cause  mentioned  is  merely  accentuated  under  pres- 
ent day  conditions.  There  is  probably  no  type  of  labor  which 
has  to  be  more  carefully  selected  than  employes  of  public  utili- 
ties. The  work  is  exacting  and  responsible,  and  the  duties  of  quite 
a  large  percentage  of  the  total  require  them  to  be  in  more  or 
less  close  touch  with  the  customer  and  this  applies  equally  from 
the  office  boy  who  may  answer  the  telephone  to  the  highest 
class  salesman  or  the  maintenance,  testing  or  operating  staflFs, 
and  when  through  scarcity  of  available  labor  the  selection 
becomes  more  limited,  the  turnover  is  naturally  greater  as  the 
unfit  are  weeded  out. 

The  fourth  reason,  viz.,  the  generally  unsettled  condition  of 
labor,  is  particularly  accentuated  at  this  time  due,  no  doubt, 
directly  to  the  war  itself  and  its  effects.  The  wage  rates  at  the 
present  time  are  probably  higher  than  they  have  ever  been.  The 
laboring  class,  the  organized  mechanical  trades  and  in  practi- 
cally every  walk  of  life,  except  perhaps  among  the  so-called 
middle  class,  more  money  is  being  earned  than  ever  before  and 
every  employee  feels  the  impulse  and  many  are  changing  their 
positions  or  becoming  floaters  temporarily  while  the  prosperity 
lasts. 

Such  a  constant  hiring,  trying  out,  training  or  eliminating  of 
new  employes  results  in  high  cost  to  the  companies  which  it  is 
difficult  to  express  in  dollars  and  cents,  due  to  error  and  ineffi- 
ciency of  the  new  men,  to  waste  of  materials,  to  time  and  super- 
vision of  the  older  employes  necessary  in  training  the  new  men 
and  to  other  reasons  which  cannot  be  isolated. 

Under  normal  conditions  the  cost  for  taking  on  and  training 
a  new  employe  has  been  expressed  in  various  companies  as 
varying  from  $30.00  to  $75.00  per  man  in  addition  to  his  salary, 
and  the  general  inefficiency  arising  from  the  introduction  of 
new  labor,  even  when  very  carefully  supervised,  is  well  recog- 
nized, but  this  is,  of  course,  one  of  the  problems  that  must  be  met. 

The  technical  employees  of  the  power  companies  are  a  highly 
specialized  class  and  on  account  of  their  training  and  experience 
are  in  great  demand,  and  while  a  reasonable  upward  revision 
of  salaries  from  time  to  time  may  be  necessary,  other  means 
must  be  taken  and  arguments  advanced,  as  to  how  these  organi- 
zations, so  vitally  necessary  at  this  time,  should  not  only  be 
held  together  but  extended  to  meet  the  additional  demands 
that  may  be  made  upon  them. 

The  maintenance  of  these  organizations  may  present  more 
difficulties  in  those  localities  where  the  war  industries  are  center- 
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ing  than  in  others,  <kie  to  the  enormotisly  increased  demand  for 
men,  and  in  such  cases  the  resiilts  pyramid  in  their  effect,  as  the 
greater  the  demand  for  labor  the  greater  becomes  the  demand 
for,  and  the  use  of,  power  which  can  in  most  cases  only  be  supplied 
by  the  power  company.  That  the  amotmt  of  available  labor 
varies  considerably  in  different  cities  is  evidenced  by  the  fact 
that  an  advertisement  for  yotmg  men  for  the  electrical  industry 
in  one  city  produced  several  hundred  replies,  from  which  some 
very  good  material  was  secured,  whereas  an  equally  attractively 
worded  and  spaced  advertisement  having  an  equally  wide  dis- 
tribution in  another  city  results  in  only  25  to  30  replies,  the 
restdts  from  which  were  negligible. 

In  groping  for  a  remedy  for  these  conditions  we  have  f oimd 
as  yet  no  formula  to  follow.  Experiments  which  may  seem  to 
offer  remedies  for  particular  cases  must  be  tried  out,  and  while 
the  situation  may  appear  to  be  discouraging,  especially  in 
view  of  the  responsibilities  resting  on  these  organizations,  it 
is  well  to  remember  that  we  are  not  facing,  at  least  at  this  time, 
any  such  labor  shortage  as  other  countries  must  have  met  and 
managed  to  overcome. 

The  use  of  girls  and  women,  in  the  event  of  a  very  acute 
shortage  of  man  power  is,  of  course,  one  of  the  first  thoughts 
to  suggest  itself  and  one  of  our  prominent  engineers  has  re- 
cently been  quoted  as  saying  that  he  could,  providing  that  the 
wonien  would  undertake  it,  perform  the  actual  operation  of 
his  plants  with  female  labor,  with  the  exception  of  the  rougher 
work  requiring  more  or  less  physical  endurance.  Women  have, 
of  course,  invaded  the  field  in  many  power  companies  in  the 
past  year,  but  probably  only  in  positions  which  have  heretofore 
been  recognized  as  open  to  this  class  of  labor,  namely,  for 
clerical  or  other  kindred  duties.  From  information  obtained 
from  a  nimiber  of  large  companies  who  have  not  heretofore 
employed  women  and  who  are  now  employing  them  in  con- 
siderable numbers,  and  bearing  out  the  statement  of  the  paper 
this  evening,  it  would  appear  that  it  requires  foiu*  girls  to  re- 
place three  men.  In  one  instance,  however,  it  has  been  found 
that  six  girls  on  semi-technical  work,  after  they  became  suffi- 
ciently experienced,  were  able  to  replace  eight  men.  This  was 
probably  due  to  the  small  number  of  girls,  permitting  a  very 
careftd  selection,  and  also  due  to  the  fact  that  the  work  proved 
irksome  to  men  who  were  ambitious  and  who  permitted  their 
attention  to  be  distracted  by  other  more  interesting  work  going 
on  around  them.  This  condition  would  probably  not  obtain  in 
many  cases,  but  is  one  instance  where  female  labor  is  doing  more 
work  and  doing  it  more  accurately  and  at  less  cost  than  it  was 
done  by  men. 

The  use  of  boys  from  the  senior  classes  of  Manual  Training 
and  High  Schools,  after  school  hours,  on  certain  limited  classes 
of  work  has  been  tried  out  with  some  success  and  further  exper- 
iments in  this  direction  are  in  preparation.     The  importation 
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of  colored  linemen  from  the  South  has  alscFmet  with  some  suc- 
cess as  has  also  the  hiring  of  inexperienced  younger  men  and  plac- 
ing them  under  intensive  training  for  some  weeks,  but  these 
measures,  as  with  others  before  mentioned,  provide  only  for 
specific  divisions  of  the  work  and  do  not  take  care  of  the  trained 
forces  so  essential. 

One  operating  engineer  with  whom  the  matter  was  discussed 
stated : 

"The  plan  which  I  have  tried  to  carry  out  in  order  to  safeguard  against 
serious  troubles  with  our  labor  forces  has  been,  briefly,  to  keep  in  closest 
personal  touch  with  my  direct  assistants  and  supervising  heads.  These 
men  are  kept  satisfied,  their  troubles  either  personal  or  business,  are  my 
troubles  and  I  see  that  a  solution  is  reached  in  every  case  that  arises 
which  is  mutually  satisfactory.  In  other  words,  I  have  tried  to  stay  so 
close  to  my  assistants  and  their  troubles  that  there  is  no  possibility  of 
any  unrest  or  dissatisfaction  however  small  in  the  beginning  that  is  not 
known  by  me  and  corrected  before  it  reaches  the  stage  where  it  would  be 
past  correction.  On  following  this  plan  you  will  recognize  that  it  only 
means  giving  greater  attention  to  a  fundamental  principle  that  should 
govern  all  successful  departmental  work. 

I  recognize  the  fact  that  there  is  a  great  labor  unrest  today  which  must 
be  reckoned  with.  The  unrest  is  most  apparent  in  the  lower  classes  of 
labor  and  among  all  classes  not  capable  of  thinking  clearly  for  themselves. 
This  spirit,  however,  will  spread  in  any  organization  of  labor,  reaching  in 
many  cases  men  who  under  ordinary  conditions  would  be  immune  from 
such  influences.  As  I  view  it,  a  department  head  must  start  downward 
in  the  scale  of  labor  using  every  means  at  his  command,  giving  the  maxi- 
mum of  his  help,  advice  and  spirit  to  counteract,  as  far  as  possible,  the 
spread  of  unrest  and  dissatisfaction  which  reaches  upwards  from  his 
lowest  scale  of  labor. 

Our  efforts  thus  far  have  been  gratifying  and  I  feel  confident  that  our 
organization  is  a  unit  down  to  the  labor  class.  This  class  very  frankly  we 
cannot  hope  to  satisfactorily  cope  with  and  we  are  using  our  efforts 
merely  in  replacing  the  men  as  rapidly  as  they  leave. 

My  own  feeling  in  the  matter  is  that  I  know  the  job  that  is  ahead 
during  the  period  of  this  war,  and  every  man  I  am  able  to  keep  in  personal 
touch  with  knows  what  I  know — that  we've  got  to  see  it  through  as 
gracefully  as  our  abilities  and  the  means  at  our  command  permit." 

It  is  obvious  that  for  the  effective  carrying  on  of  the  work 
and  for  the  maintenance  of  the  great  rank  and  file  of  the  organi- 
zations, reliance  must  largely  be  placed  in  the  department  heads 
or  in  the  hearts  of  the  men  in  immediate  supervision.  The  man 
who  can  keep  in  closest  personal  touch  with  his  men,  will  in 
most  cases  keep  the  men  close  to  him,  in  spite  of  immediate 
financial  considerations. 

The  necessity  of  keeping  as  nearly  intact  as  possible  the  super- 
vising forces,  who  can  in  turn  hold  a  more  or  less  large  percent- 
age of  the  rank  and  file  and  thus  provide  a  nucleus  for  the  train- 
ing of  the  new  men  is  of  paramount  importance  and  this  should 
extend  down  to  the  smallest  subdivisions  of  the  organization. 
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The  retaining  of  these  supervising  forces  of  power  companies, 
even  down  to  the  minor  subdivisions,  is  not  such  a  difficult 
problem,  as  these  staffs  are  usually  composed  of  men  who  have 
grown  up  in  the  service  or  have  been  connected  with  it  for  many 
years,  and  if  they  are  competent  and  enjoy  the  confidence  of 
the  management,  will  remain  loyal  to  the  industry,  and  will 
not  be  tempted  by  the  offers  of  other  concerns  which  may  exist 
today  and  are  gone  tomorrow. 

The  importance  of  vocational  training  and  the  retention  of 
and  building  up  of  the  personnel  of  the  organizations  we  are 
discussing  should  not  be  overlooked,  and  in  fact  would  seem 
to  be  of  greater  importance  now  than  ever,  and  we  have  before 
us  the  example  of  our  own  army  and  the  shipbuilding  industry 
which  are  possibly  the  greatest  examples  of  vocational  training 
ever  tmdertaken.  It  may  be  argued  that  vocational  training 
is  for  peace  and  not  for  war  times,  and  it  has  been  argued  that 
to  attempt  to  continue  vocational  training  at  this  time  merely 
results  in  the  utilizing  of  the  services  of  urgently  required  men 
to  train  others,  who  when  trained  are  snatched  away  by  other 
industries.  Vocational  training  must,  however,  be  continued  in 
one  form  or  another  and  if  this  training  is  confined  strictly  to 
the  experience  reqtiired  by  the  men  to  perform  the  immediate 
duties  for  which  they  are  employed,  the  results  cannot  fail  to 
be  beneficial. 

This  discussion  has  shown  that  the  labor  turnover  in  some 
power  companies  at  least  is  very  great  and  an  endeavor  has 
been  made  to  point  out  some  of  the  reasons  for  it  and  some  possi- 
ble remedies.  How  far  these  remedial  measures  will  hold,  in 
the  event  of  a  long  continuation  of  the  war,  with  greatly  extended 
drafts  for  military  and  other  government  purposes,  and  with 
the  further  anticipated  drafts  on  labor  for  war  industries,  which 
must  grow  in  proportion  to  the  military  establishment,  is  proble- 
matic. Such  a  condition  would  manifestly  require  drastic  read- 
justments, extraordinary  effort  and  revolutionary  changes  in 
the  direction  of  energy  and  these  problems  must  be  met  as 
they  arise. 

W.  N.  Smith:  I  want  to  make  one  suggestion,  prompted  by 
one  or  two  remarks  in  the  early  part  of  the  discussion, — ^that 
is,  the  matter  of  pooling  private  interests. 

We  are  up  against  the  most  fearful  emergency  civilization 
has  ever  known,  and  drastic  readjustments  from  former  practise 
must  undoubtedly  be  worked  out  in  our  country  as  well  as  in 
other  countries  before  the  conflict  is  finished. 

In  these  industrial  districts  which  are  served  very  well  in 
ordinary  times  by  the  public  service  corporations,  there  are 
many  private  corporations  owning  manufacturing  plants  of 
one  kind  and  another,  large  and  small,  some  very  large,  which 
have  good  sized  power  plants  at  their  disposal.  While  this 
subject  is  so  broad  that  it  can  only  be  touched  on  lightly  in  the 
brief  time  at  my  disposal,  it  does  seem  to  me  as  though  there 
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were  a  possibility  of  commandeering  for  the  benefit  of  the  com- 
munity certain  of  the  private  plants,  even  if  only  for  service 
diiring  certain  hours  of  the  day,  for  the  helping  out  of  the  general 
power  situation. 

This  will  have  to  be  done  of  course  through  some  state  or 
federal  agency  which  would  be  clothed  with  broad  powers 
necessary  to  exercise  jurisdiction  over  a  situation  involving 
such  large  interests. 

If  a  general  arrangement  like  this  could  be  worked  out  it 
will  also  have  the  effect  of  enabling  an  increase  of  economy  of 
operation  in  these  private  manufacturing  plants,  many  of  which 
use  very  large  quanties  of  coal.  Some  of  them  use  it  very  waste- 
fully  because  of  the  fact  that  their  conunercial  profits  are  not 
often  largely  dependent  upon  the  cost  of  power,  that  is  to  say, 
if  the  cost  of  their  power  is  not  a  very  large  percentage  of  the 
operating  expenses,  they  are  apt  to  ignore  those  finer  economies 
in  the  generation  and  use  of  steam,  which  are  a  matter  of  every 
day  thought  and  discussion  among  central  station  men  and  man- 
ufacturers of  electrical  apparatus. 

I  have  been  up  against  this  sort  of  thing  myself  in  a  practical 
way  for  the  last  two  years  and  I  know  how  careless  the  average 
private  plant  operator  is  apt  to  be  about  the  consumption  of 
his  fuel. 

In  New  Jersey  or  in  the  Brooklyn  district,  or  for  that  matter 
in  any  large  manufactiuing  city  there  are  some  plants  which 
have  a  good  big  outfit  of  boilers,  engines  and  electric  genera- 
tors that  could  be  turned  to  practical  use  to  help  out  the  commim- 
ity  in  time  of  stress,  when  the  public  service  corporations 
cannot  meet  all  of  the  demands  upon  them,  and  it  seems  to  me 
that  it  is  up  to  us  as  engineers,  and  up  to  the  community  in 
general,  to  consider  such  a  possibility  as  that  of  a  pooling  of 
generating  machinery  in  private  plants,  where  the  same  could 
be  used  to  help  out  a  shortage  in  the  power  usually  furnished 
by  public  service  corporations. 

Such  a  proposition  as  this  would  be  a  suitable  field  for  the 
exercise  of  jurisdiction  by  local  Public  Service  Commissions, 
but  in  any  event  there  would  have  to  be  some  Board  of 'Engi- 
neers or  experts  who  after  taking  a  census  of  the  available 
power  equipment  in  a  district  would  go  through  everything 
very  carefully  as  regards  the  availability  of  private  plant  equip- 
ment and  its  application  as  auxiliary  to  the  central  station 
system.  In  New  Jersey  for  instance,  there  fcave  been  no  electric 
lights  on  some  of  the  streets  recently.  There  would  no  doubt 
be  found  a  considerable  number  of  power  plants  which  might 
with  a  little  additional  apparatus  perform  that  lighting  service 
and  turn  loose  a  considerable  amount  of  additional  power  be- 
sides. A  great  many  of  the  manufacturers  power  plants  already 
have  veteran  trained  employees  in  the  boiler  and  engine  rooms 
day  and  night,  so  that  the  element  of  labor  is  already  provided. 
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There  are  many  engineering  conbinations  possible  for  dealing 
with  such  a  situation  as  now  confronts  us,  which  is  likely  to  be 
a  continuing,  rather  than  a  temporary  emergency.  I  believe 
that  it  will  be  found  possible  to  utilize  existing  electrical  appara- 
tus by  emergency  methods  readily  available,  without  waiting 
a  year  for  new  steam  turbines. 

John  J.  Harold:  I  have  been  interested  in  problems  in  con- 
nection with  this  war  in  three  continents,beginning  with  Africa, 
then  Europe,  and  finally  in  this  country.  The  labor  phases  of 
the  situation,  in  partictdar,  I  have  been  able  to  understand  as 
I  was  Secretary  of  the  Witwatersrand  Trades  and  Labor  Council 
for  two  years  and  three  months,  and  my  views  on  that  aspect 
of  the  subject  may  be  of  interest  to  you. 

In  order  to  understand  the  prices  of  labor  and  materials  rapidly 
going  into  a  state  of  unstable  equilibrium,  let  us  go  back  to  what 
happened  in  Sweden.  Sweden  exchanged  American  goods  for 
German  gold  until  the  second  embargo  fell  and  they  found 
themselves  in  possession  of  German  gold  which  they  could  not 
eat.  European  gold  has  been  coming  to  this  country  for  the 
purchase  of  munitions  and  for  the  sake  of  the  "easy"  money 
the  producers  of  food  and  coal  started  to  make  shells  and  fuses, 
just  in  such  a  way  as  your  bricklayers  in  Massachusetts  could 
be  taught  to  do  sheet  metal  work.  Indirectly  they  were  em- 
ployed by  European  belligerents  who  were  consuming  American 
supplies,  which  they  had  ceased  to  produce.  It  will  not  be 
very  long  before  they  find  out  that  they  cannot  eat  gold  and  they 
will  begin  to  wonder  why  the  purchasing  power  of  the  dollar 
is  falling  so  low. 

More  than  this,  prices  are  going  up  because  of  the  instability 
of  labor — ^the  man  secures  employment,  works  a  few  days, 
and  then  will  secure  a  leave  of  absence  to  look  for  another 
job.  He  does  not  break  with  his  last  employer  until  he  lands 
the  new  position.  The  best  way  to  combat  this  proposition  is 
for  employers  not  to  employ  any  one  at  least  without  the  knowl- 
edge, if  not  with  the  consent,  of  his  previous  boss.  After  a  year 
of  war  England  passed  the  Munitions  Act,  whereby  it  was  illegal 
for  any  of  the  commandeered  factories  to  employ  a  mechanic 
who  had  left  his  emplojnment  in  another  munitions  works  with- 
out his  employer's  consent.  Such  a  man  had  to  remain  idle  for 
six  weeks,  before  he  could  take  up  another  job.  To  the  Irish 
and  Colonials,  this  did  not  apply.  All  the  Irishman  had  to  do 
was  to  go  home  to  Ireland  and  reengage  there  for  employment 
in  England.  I  do  not  imagine  that  this  principle  could  be  applied 
to  the  United  States,  because  although  the  British  Government 
knew  the  amount  of  leeway  that  an  English  workman  could 
stand,  under  similar  circumstances  the  Yankee  mechanic  would 
take  his  yacht  down  to  Florida  for  the  prescribed  period. 

But  what  could  be  done  is  to  grant  a  bonus  of  ten  per  cent  on 
all  the  wages  earned  for  thirteen  consecutive  weeks,  payable 
at  the  end  of  the  fotuteenth  week.  This  would  tend  to  stabilize 
the  labor  turnover. 
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Now,  we  come  again  to  the  big  question  of  the  load  factor. 
I  would  suggest  that  the  power  companies  grant  a  rebate  of,  say, 
ten  per  cent  on  the  price  of  all  ciurent  consumed  at  all  hours 
of  the  day  other  than  hours  of  the  peak  load.  In  this  way,  the 
manufacturer,  who  must  have  power  at  any  price,  is  able  to 
offset  the  ten  per  cent  increase  in  wages  that  he  is  obliged  to  pay 
for  night  shift  work.  Although  you  will  not  be  able  to  make  the 
peaks  disappear,  they  will,  at  least,  be  rendered  less  noticeable. 

Philip  Torchio:  I  would  like,  before  the  discussion  is  closed, 
to  give  an  answer  to  Mr.  Hobart's  question  as  to  the  possibility 
of  the  cost  of  power  not  having  really  increased.  I  made  some 
rough  figures  of  the  production  costs  in  the  last  few  months  of 
the  lighting  companies  in  New  York.  The  production  costs, 
the  operating  costs  alone,  increased  95  per  cent,  and  if  I  include 
operating  costs,  plus  fixed  charges,  the  total  cost  increased 
50  per  cent. 

P.  R.  Moses  (communicated  after  adjournment):  It  is 
undoubtedly  true  that  costs  have  increased  and  are  continuing 
to  increase,  but  these  have  been  largely  offset  by  an  increase  in 
revenue,  and  the  writer  believes  if  the  public  utility  will  change 
its  policy  in  connection  with  private  power  plants  a  sufficient 
increase  of  revenue,  which  will  not  involve  additional  capital 
expenditure,  can  be  obtained  to  offset  the  increased  cost. 

A  plan  as  to  cooperation  between  central  stations  and  private 
power  plants  has  been  suggested  by  me  during  the  past  several 
years,  and  in  a  paper  presented  before  the  American  Society 
of  Mechanical  Engineers  on  April  5th,  1917,  it  was  pointed  out 
how  much  less  capital  would  be  required  to  take  care  of  peak 
loads  if  the  private  plants  were  used  to  supply  this  demand 
than  if  the  peak  loads  were  taken  care  of  by  public  utility  plants. 

The  utilization  of  localized  private  plants  supplying  electricity 
and  exhaust  steam  for  heating  is  a  ready-to-hand  means  of 
meeting  the  increased  demand  on  the  central  station  while  at 
the  same  time  it  affords  a  method  of  reducing  the  fuel  required 
for  a  stated  number  of  kilowatt  hours  during  the  winter  season, 
as  the  electricity  obtained  from  the  private  plant  during  this 
period  is  as  is  well  known  practically  a  by-product  of  the  heating. 

The  low  cost  of  the  private  power  plant  installation  allows 
taking  care  of  the  peak  load  at  barely  one-sixth  the  cost  of  taking 
care  of  this  load  by  increases  in  the  central  station  including 
feeders,  substations,  etc. 

There  is  already  available  large  percentages  of  spare  capacity 
in  existing  power  plants  which  by  proper  cooperation  with  the 
central  station  could  be  fully  utilized,  for  the  purpose  of  taking 
care  of  peak  load  demands. 

I  am  of  the  opinion,  however,  that  under  present  fuel  and 
labor  conditions,  during  such  periods  of  the  year  when  exhaust 
steam  may  not  be  fully  utilized  and  during  light  load  periods, 
diu-ing  six  or  seven  months  of  the  year  in  this  latitude,  private 
electrical  plants  should  be  shut  down,  and  the  ctirrent  derived 
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from  a  central  source,  the  public  utility  company  being  required 
to  supply  this  current  at  a  price  which  will  enable  the  constmier 
to  profitably  purchase,  and  at  the  same  time  cover  the  expense  of 
supply  plus  a  reasonable  profit,  but  without  allowance  for  depre- 
dation on  plant  or  other  fixed  charges  on  investment,  because 
supplying  the  offpeak  and  summer  load  as  suggested  would  not 
require  additional  investment  by  the  public  utility  company, 
except  to  a  very  minor  degree  for  meters  and  connections,  and 
this  might  be  properly  charged  to  the  individual  constuner, 
thus  avoiding  any  investment  by  the  public  utility  company. 

It  is  evident  from  the  published  figures  of  the  large  public 
utility  plants  that  such  off-peak  load  could  be  profitably  sup- 
plied at  from  one  and  one-half  to  two  cents  per  kilowatt  hotu- 
in  cities  like  New  York,  and  at  a  much  lower  cost  where  overhead 
transmission  and  high  voltages  are  available. 

If  our  public  utilities  will  take  up  this  question  in  the  sub- 
mitted outline  of  cooperation  with  the  view  to  utilizing  the  pri- 
vate plants  to  their  utmost  economic  extent,  which  means  to 
use  them  during  the  period  when  fuel  and  labor  can  be  doubly 
used,  they  woidd  greatly  benefit  themselves,  enormously  im- 
prove their  load  factor,  increase  their  revenue,  and  what  is  of 
far  greater  importance,  effect  an  immense  reduction  in  the 
amount  of  fuel  burned. 

Discussion  at  Chicago 

R.  F.  Schuchardt:  We  will  all  agree,  I  am  sure,  that  the  sit- 
uation as  set  forth  so  ably  by  Mr.  Jackson  is  of  considerable 
importance  to  all  of  us,  and  to  engineers  and  financiers  especi- 
ally. To  a  central  station  man  the  paper  reads  very  much  like 
a  description  of  the  condition  in  his  own  company,  which  merely 
illustrates  that  the  situation  is  pretty  universal  throughout 
the  country.  Lest,  however,  all  of  you  here  rush  to  the  stock 
market  to  unload  your  utility 'sectuities  tomorrow,  we  should 
take  into  consideration  that  there  is  also  a  bright  side.  Mr. 
Jackson  has  pointed  out  one  of  the  most  important  of  the  brighter 
sides,  which  is  the  widespread  recognition  of  the  real  value  to 
our  country  of  this  economic  industrial  development,  the  cen- 
tral station,  and  a  general  knowledge  of  the  benefits  of  centrali- 
zation must  react  advantageously  to  the  industry. 

Also,  we  are  now  putting  more  of  our  investment  to  use,  or 
in  other  words,  we  are  using  otu*  reserve  to  earn  money.  This 
might  be  expressed  as  living  on  our  fat.  We  must  live  on  the 
fat,  as  we  can't  get  additional  financial  food,  for  reasons  which 
Mr.  Jackson  has  pointed  out.  Also,  the  public  mind  is  getting 
somewhat  used  to  everything  going  up  in  price  or  else  coming 
down  in  quality,  and  so  it  may  be  easier  to  satisfy  the  kicker, 
where  kickers  are  ntmierous,  which  of  course  is  not  the  case 
in  our  industry. 

For  the  engineer,  however,  there  seems  to  me  to  be  a  very 
bright  side.     It  i§  trw«  there  is  a  good  deal  more  work  required 
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of  the  engineer  at  this  time,  but  he  who  at  this  time  doesn't 
want  to  do  more  work  than  he  did  before  is  a  pretty  sorry  sort  of 
a  man.  In  fact,  it  is  a  sort  of  compensation  for  those  of  us,  who 
are  not  privileged  to  take  a  more  active  part  in  the  war,  to  be 
able  to  carry  some  of  the  usual  burdens  of  those  who  do  go. 

Also  the  engineer  must  now  use  more  resourcefulness.  In- 
stead of  following  precedents,  he  must  set  new  ones.  This 
should  arouse  renewed  enthusiasm  and  enable  him  to  increase 
the  quality  of  his  work.  The  engineer,  instead  of  thinking  more 
particularly  of  kilowatts,  must  now  think  more  of  the  relations 
between  those  kilowatts  and  the  dollar. 

F.  A.  Coffin:  An  important  condition  facing  all  of  us  is  the 
growing  difficulty  of  financing  extensions  to  meet  new  customers. 
We  are  rapidly  approaching  a  condition  where  only  such  new 
capital  expenditures  are  justified  as  are  directly  necessary  to 
the  prosecution  of  the  war.  It  is  probable  that  in  addition  to 
the  deterring  influence  of  the  high  cost  of  obtaining  new  money 
we  will  have  strict  regulatory  action  by  federal  authorities.  AU 
of  this  vitally  affects  expenditures  for  line  and  service  extensions 
which  have  hitherto  been  an  inseparable  part  of  the  process 
of  attaching  new  business.  This  necessitates  a  radical  revision 
of  rules  with  respect  to  line  extensions  and  requires  that  diuing 
these  times  new  customers  will  be  required  to  finance  at  least 
the  difference  between  normal  cost  and  present  abnormal  costs 
in  supplying  them  service. 

The  second  aspect  of  importance  is  economy  in  the  conduct 
of  the  sales  department.  I  do  not  share  the  speaker's  pessimism 
that  the  war  leads  to  a  curtailment  of  the  use  of  electric  service. 
Early  this  year  we  dispensed  with  all  but  the  nucleus  of  our  sales 
organization  and  it  is  of  interest  to  note  that  the  increased  busi- 
ness which  we  hoped  to  achieve  by  the  end  of  the  year  through 
the  usual  sales  methods  has  all  come  to  us  unsolicited.  The 
high  cost  of  fuel  has  no  doubt  made  many  industrial  enter- 
prises more  ready  to  inquire  for  electric  power  supply  and  a 
part  of  the  business  gained  has  been  secured  through  the  momen- 
ttun  of  past  sales  efforts.  But,  even  discounting  the  effect  of 
the  fuel  shortage,  there  is  still  a  normal  increase  in  the  demand 
for  service. 

The  third  aspect  to  which  I  desire  to  direct  attention  is  the 
question  of  character  of  service.  The  user  of  electric  energy  in 
America  receives  more  in  auxiliary  service  rendered  by  the  Engi- 
neering departments,  trouble  departments,  lamp  renewal  depart- 
ment, etc.,  for  the  rates  he  pays,  than  the  customer  in  any  other 
country.  We  have  naturally  taken  great  pride  in  the  complete- 
ness of  the  service  we  furnish,  but  there  is  no  gainsaying  that  it 
imposes  a  very  substantial  expense  which  is  probably  not  justi- 
fied in  these  times.  The  Food  Administrators  are  now  recom- 
mending extra  charge  for  delivery  of  parcels  from  other  mer- 
cantile institutions  and  there  is  no  reason  why  similar  modi- 
fication should  not  be  made  in  our  rules  with  respect  to  delivery 
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of  lamp  renewals,  appliances,  etc.,  or  that  the  amount  of  grattd- 
toias  assistance  given  by  engineering  departments  should  not 
be  gauged  by  the  necessities  of  the  situation  rather  than  a  mere 
endeavor  to  accommodate  the  customer. 

Finally,  and  by  no  means  the  least  important  duty  of  the 
sales  department,  lies  in  co-operation  with  the  fuel  conservation 
program  of  the  Government.  Lightless  nights  perform  an  ad- 
mirable function  of  impressing  upon  all  customers  the  necessity 
of  conservation  and  no  doubt  the  sum  total  of  little  economies 
effected  will  help  the  nation  to  save  coal.  But  we  would  be  de- 
ceiving ourselves  as  well  as  the  public  if  we  lost  sight  of  the  fact 
that  the  actual  amount  of  fuel  in  the  power  house  saved  by  this 
method  is  indeed  very  small,  being  a  mere  fraction  of  one  per 
cent  of  the  total  coal  consumed  by  the  central  station  and  an 
infinitesimal  part  of  the  coal  utilized  by  the  entire  commimity. 
There  is  much  to  be  done  besides  enforcing  and  thoroughly  co- 
operating with  the  rule  with  respect  to  lightless  nights.  Perhaps 
the  most  important  economy  which  can  be  achieved  would  be 
the  organization  by  the  fuel  administrator  of  a  voluntary  in- 
spection service  for  industrial  plants,  charged  with  making 
definite,  practical  recommendations  on  the  proper  insulation 
of  steam  pipes,  satisfactory  maintenance  of  boiler  settings  to 
avoid  air  leakage,  scale  elimination  in  boilers,  care  in  banking 
and  firing  boilers,  avoidance  of  general  illumination  of  un- 
occupied factory  space,  possible  savings  effected  in  shutting 
down  machinery  when  not  required,  etc.,  and  the  general  elim- 
ination wherever  possible  of  the  non-condensing  plant.  In  such 
a  work  the  commercial  engineering  department  could  do  effective 
work.  It  is  not  necessary  for  me  to  point  out  that  such  assist- 
ance by  the  central  station  is  a  labor  of  patriotism.  We  are 
naturally  not  interested  in  laboring  to  make  the  isolated  plant 
more  effident.  Our  interest  in  normal  times  is  to  shut  it  down 
and  sell  it  service.  But  the  necessities  for  fuel  conservation  are 
so  great  and  pressing  and  the  possibilities  in  this  field  are  so 
substantial  that  no  effort  should  be  spared  to  cooperate  to  the 
greatest  extent. 

D.  W.  Roper:  Some  years  ago  in  preparing  a  paper  on  line 
transformers  for  the  N.  E.  L.  A.,  and  attempting  to  justify  the 
use  of  lightning  arresters  for  the  protection  of  transformers,  I 
had  some  difficulty,  and  in  order  to  find  a  sufficient  amoimt  on 
the  correct  side  of  the  balance  sheet  which  I  drew  up  for  the 
purpose,  I  had  to  go  into  the  question  of  continuous  service 
and  place  a  value  on  interruptions  to  service,  that  is,  on  the 
amount  which  the  company  would  probably  care  to  spend  to 
prevent  an  interruption.  In  doing  this  I  consulted  a  ntunber 
of  department  heads  around  the  company  and  found  a  very 
wide  range  of  opinions,  varying  from  something  more  than  the 
loss  of  revenue  to  100  times  the  loss  of  revenue.  That,  of  course, 
is  a  very  wide  figure,  but  placing,  as  I  remember  it,  a  value  of 
about  fifteen  or  twenty  times  the  loss  of  revenue  as  the  value 
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to  the  company  of  the  prevention  of  interruption,  then  the 
cost  of  lightning  protection  for  preventing  that  interruption 
was  warranted. 

Since  that  time  I  find  that  the  company's  estimate  of  the 
value  of  an  interruption  has  undergone  some  very  wide  changes 
with  the  times.  For  example,  in  the  most  prosperous  times  we 
have  had,  say  in  the  last  ten  years,  the  company  had  been 
willing  to  extend  their  lines  to  reach  the  new  customer  when 
the  estimated  revenue  from  the  customer  over  a  period  of  say 
two  years  would  cover  the  investment  required  for  line  exten- 
sion. And  at  the  same  time  where  there  was  an  equivalent 
amount  of  business  already  on  the  line  or  a  group  of  old  customers 
the  company  would  be  willing  to  incur  a  reasonable  expenditure 
for  a  reserve  supply,  if  that  customer  or  group  of  customers 
would  warrant  it.  And  in  those  most  prosperous  times  a  large 
number  of  such  connections  were  made  so  as  to  insure  continuity 
of  service. 

But  nowadays  if  customers  want  service  from  the  Edison 
Company,  they  either  must  be  on  the  lines  or  their  revenue  must 
be  sufficient  in  one  or  two  months,  instead  of  two  years,  to  pay 
for  the  cost  of  the  extension.  That  shows  immediately  how 
hard  they  are  struggling  for  new  business,  if  that  is  the  word 
to  use.  By  the  same  sign  you  can  gather  how  much  they  are 
doing  in  the  way  of  providing  for  reserve  connections  in  the 
case  of  the  failure  of  the  original  supply.  That  is  to  say,  they 
are  doing  nothing  along  that  line  at  all. 

In  the  most  prosperous  times,  if  there  was  any  trouble  with 
your  lights  or  motors  the  company  would,  on  request,  send  their 
trouble  man  to  your  premises.  If  the  interruption  to  your  lights 
was  caused  by  some  minor  defect  in  the  wiring  or  in  the  appliances 
or  the  sockets  or  plugs  or  switches,  the  repair  man  would,  if  he 
could  do  it  in  a  half  hour  or  so,  make  the  repairs  for  you,  some- 
times temporarily,  but  he  would  make  the  repairs  so  as  to  enable 
you  to  get  service,  and  then  he  would  advise  the  customer  what 
to  do  in  the  way  of  making  permanent  repairs.  Now  the  com- 
pany makes  a  minimum  charge  of  thirty-five  cents  for  sending  a 
repair  man  to  the  premises,  if  the  trouble  is  found  to  be  on 
your  premises.  In  addition,  a  further  charge  is  made  for  any 
time  over  the  first  fifteen  minutes.  So  the  initial  cost  is  thirty- 
five  cents  for  going,  and  the  regular  rate  for  any  time  used 
beyond  the  fifteen  minute  limit.  That  applies  also  to  heating 
■  appliance  repairs  in  apartment  buildings. 

There  was  once  a  sort  of  perpetual  guarantee  on  the  cords 
for  electric  flat  irons.  The  practise  now  is  to  charge  the  custo- 
mer for  the  cost  of  repairs.  That  is  about  seventy-five  cents, 
I  believe,  for  the  replacing  of  an  electric  iron  cord.  And  the  same 
applies  to  various  other  devices,  toasters,  broilers,  etc.  Those 
were  all  repaired  if  it  could  be  done  by  the  repair  man,  but  not 
including,  of  course,  the  replacing  of  the  heating  apparatus. 

Lamp  bulbs  have  for  a  number  of  years  been  delivered  free. 
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Of  cotarse  the  ordinance  requires  that  they  be  ftarnished  free, 
but  it  is  not  reqtiired  that  they  be  delivered  free,  and  it  is  prob- 
able that  within  the  next  few  weeks  the  company  will  make  a 
charge  for  the  delivery  of  them  similar  to  that  charged  for 
answering  a  trouble  call  which  I  have  just  described.  But  there 
will  of  coiu"se  be  the  option  that  the  customer  can  get  his  own 
lamps  free  upon  applying  to  one  of  the  numerous  delivery  sta- 
tions which  the  company  will  establish  in  various  parts  of  the  city. 
On  the  question  of  station  extensions  some  of  you  may  have 
noticed  the  suggestion  made  by  Mr.  Budd  of  the  Elevated 
Railroads  to  a  Commission  in  Washington  some  weeks  ago. 
His  suggestion  was,  in  effect,  that  the  working  hours  of  various 
lines  of  industry  be  adjusted  so  they  do  not  all  begin  and  end 
their  working  hours  at  the  same  time,  requiring  a  very  sharp 
transportation  peak  at  that  time,  and  that  if  the  hours  of  starting 
and*  quitting  could  be  spread  over  three  or  four  hours  in  the 
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Fig.  5 — Annual  Load  Curve  of  Commonwealth  Edison  Company. 


morning  and  three  or  four  in  the  afternoon  instead  of  only  one 
or  one  and  one-half  hours,  then  the  peak  in  labor  as  well  as  the 
peak  in  power  requirements  could  be  very  materially  reduced. 

Some  years  ago  in  making  studies  of  the  load  of  the  Edison 
Company  I  prepared  some  annual  load  curves,  which  were  of 
the  form  illustrated  by  Fig.  5.  Any  point  in  this  curve  shows 
the  total  ntimber  of  hours  during  the  year  that  a  particular  load 
has  been  carried.  At  that  time  the  upper  portion  of  the  curve 
was  investigated  in  considerable  detail  and  it  was  found  that 
the  upper  25  per  cent  of  the  station  capacity  produced  about  one- 
half  of  1  per  cent  of  the  kilowatt-hour  output  during  the  year. 
From  this  we  can  conclude  that  if  Mr.  Budd's  suggestion  could 
be  put  into  effect  so  as  to  spread  out  the  railway  peak  there 
would  probably  be  no  great  difficulty  in  reducing  the  peak  of 
the  railway  load  by  25  per  cent  and  if  this  were  done,  then  the 
generating  station  supplying  this  railway  load  would  probably 
not  need  any  extensions  during  the  period  of  the  war. 
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*W.  S.  Gorsuch  (by  letter) :  For  text  of  this  discussion  see 
page  34. 

R.  F.  Schuchardt:  With  relation  to  the  fuel  it  must  be  re- 
membered that  the  generating  cost  is  not  the  entire  cost  and 
that  when  fuel  increases  70  per  cent  the  total  cost  per  kilowatt- 
hour  delivered  is  not  increased  by  this  amount.  The  fixed  charges 
on  the  investment  are  often  quite  equal  to  the  generating  costs; 
in  other  words,  if  the  generating  stations  were  to  be  shut  down 
and  all  employes  were  to  be  dismissed,  about  one-half  of  the 
cost  would  keep  right  on. 

*F,  A.  Bryan  (by  letter) :  For  text  of  this  discussion  see  page  22. 

*R.  G.  Hudson  (by  letter):  For  text  of  this  discussion  see 
page  23. 

*M.  Freund  (by  letter) :   For  text  of  this  discussion  see  page  25. 

C.  W.  Pen  Dell:  We  men  who  have  sales  work  find  that  our 
chief  duty  at  present  is  to  ward  off  those  industries  that  are 
wanting  additional  power.  We  find  at  present  that  all  of  our 
customers  are  increasing,  some  of  them  slowly  and  some  of 
them  by  leaps  and  bounds.  We  can  hardly  keep  from  supplying 
a  customer  who  adds  a  few  motors  and  increases  his  demand 
only  a  small  percentage,  and  yet  those  smair  percentages  are 
making  very  material  increases  in  the  demands  on  some  of  our 
lines,  and  we  must  watch  that  class  of  customers  very  closely. 
The  larger  customer  that  comes  along  and  wants  service  for 
a  steel  furnace — ^which  they  all  seem  to  be  thinking  of  at  the 
present  time — asking  for  from  500  to  1000  kilowatts  in  capacity 
can  be  asked  to  finance  the  increase.  It  has  become  quite  gen- 
eral that  customers  be  required  to  finance  the  difference  between 
pre-war  costs  and  present  costs. 

R.  F.  Schuchardt:  The  question  of  financing  extensions, 
is  a  very  interesting  one.  Most  companies  require  some  form  of 
advance  deposit  either  equal  to  the  first  two  months*  bills, 
as  mentioned  by  Mr.  Roper,  or  to  an  amount  on  some  other 
basis  as  has  been  described.  But  the  line  is  only  a  part  of  the 
extension.  The  point  is  reached  sooner  or  later  when  the  sub- 
station back  of  the  line  is  loaded  to  the  full  extent,  or  the  gen- 
erating station  has  no  more  reserve.  Then  this  curve  of  Mr. 
Roper's  serves  as  a  new  inspiration  to  the  power  salesman  to  go 
out  and  try  to  fill  in,  not  at  the  peak,  but  in  that  big  valley  of 
low  load.  The  resultant  improvement  in  load  factor,  as  has  been 
indicated  is  one  of  the  very  beneficial  effects  which  the  situation 
is  bringing  about  for  the  central  station.  You  are  all,  of  cotirse, 
acquairited  with  the  fact  that  in  England  interconnection  of 
adjoining  systems  is  being  promoted  by  the  Government. 

C.  A.  Keller:  Recently  I  have  had  occasion  to  make  a  study 
of  increased  values  of  generating  stations  and  substations  on 
account  of  present  high  prices  and  some  of  the  figures  probably 

*Discussions  presented  at  both  New  York,  January  11,  and  Chicago* 
January  14. 
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would  be  of  interest  to  you,  particularly  since  they  bear  out 

some  of  the  statements  of  Mr.  Jackson. 

Percent  increase  in  value  today 
as  compared  with  normal  pre- 
war times. 


Generating  Stations: 

Buildings 

Boiler  equipment 

Turbines  and  auxiliaries. 
Electrical 


Individual 

35 
50 
55 
35 


Weighted 
Average 


45 


Substations: 

Buildings 

Electrical 

Storage  Batteries. 


lAne  Extensions: 

Conduits  and  tunnels 

Poles,  cross  arms  and  pins 

Transmission  line  conductors , 

Overhead  distribution  conductors 

Underground  distribution  conductors. 
Services 


30 
60 
50 
80 
50 
80 


30 


50 


Transformers: 

Total  Weighted  Average 


30 


30 


43 


These  figures  are  of  course  very  approximate;  the  pre-war 
costs  being  based  upon  varjdng  market  prices  during  the  fourteen 
years  preceding:  the  war. 

F.  H.  Bemhkrd:  But  Mr.  Jackson  has  not  pointed  out  a 
great  many  simple  remedies.  He  does  mention  a  few  in  which 
governmental  action  might  be  of  advantage,  including  the  possi- 
bility of  increasing  the  rates.  But  in  regard  to  the  matter  of  in- 
creasing the  rates,  while  that  matter  has  been  taken  up  in 
England  to  the  extent  of  increases  ranging  from  thirty  to  fifty 
per  cent,  a  great  many  American  central  station  companies  have, 
and  are  doing  their  utmost  to  prevent  horizontal  increases  in 
rates.  In  the  central  station  business  propaganda  it  has  been  a 
very  strong  argument  to  show  that  central  station  service  has  been 
steadily  decreasing  in  cost  in  comparison  with  steady  increases 
in  costs  for  living  and  other  expenses,  and  a  desperate  effort  is 
being  made  to  continue  that  downward  trend.  It  is  impossible 
to  say  whether  practically  all  companies  may  not  have  to  show 
an  upward  price  curve  before  they  continue  for  any  length  of 
time.    However,  Mr.  Roper  has  pointed  out  quite  a  few  features 
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that  may  be  not  only  considered  but  actually  carried  out,  such 
as  the  employment  of  women  and  disabled  soldiers. 

This  curve  of  Mr.  Roper's  is  especially  interesting,  and  it 
seems  to  me  that  the  entire  electrical  industry  should  be  actively 
boosting  anything  that  will  help  to  spread  out  the  peak  load, 
because  it  must  be  remembered  that  it  is  not  the  central  sta- 
tion industry  alone  that  is  going  to  be  benefited  by  spreading 
out  the  peak  load,  there  are  the  electric  railways,  the  traction 
lines.  We  have  had  in  the  past  week  a  very  forceful  example 
of  the  importance  of  the  iu"ban  transportation  lines  maintaining 
means  of  traffic — some  sort  of  traffic — in  the  community. 

Congestion  usually  existing  during  the  rush  hour  periods  has 
been  very  bad.  During  last  week  it  was  much  worse  due  to 
heavy  snow  diverting  all  traffic  to  the  street  car  tracks. 
Isn't  it  possible,  not  through  merely  gentle  suggestions,  but 
possibly  from  a  concerted  effort  through  bodies  like  the 
Association  of  Commerce  and  even  through  the  City  Council, 
to  bring  about  a  reaUzation  of  the  importance  of  staggering 
hours  of  employment  ?  There  are  a  great  many  business  houses, 
factories  and  department  stores  closing  at  5:30,  between  that 
and  6:00.  So  why  can't  we  spread  that  time  out  at  least  two 
hours,  thus  relieving  the  peak  load  on  all  means  of  transportation. 

R,  F.  Schuchardt:  I  am  astonished  that  more  of  the  gentle- 
men that  have  discussed  the  paper  have  not  mentioned  the 
daylight  saving  plan.  One  of  the  incidental  effects  of  the  war 
is  the  fact  that  the  economies  on  which  the  central  station  busi- 
ness is  built  are  also  being  appredated  in  their  application  to 
other  business. 

John  W.  Mabbs:  The  great  item  in  the  production  of  power 
is  fuel.  The  question  up  to  us  is  how  to  solve  the  fuel  problem. 
The  cause  for  the  present  excessive  price  of  fuel  is  given  by  the 
coal  man  as  shortage  of  cars,  inability  of  the  railroads  to  trans- 
port the  coal  and  the  high  price  of  labor. 

The  Government  has  taken  over  the  railroads  and  by  strict, 
judicious,  and  energetic  business  methods  the  thousands  of  cars, 
both  loaded  and  empty,  that  usually  stand  for  indefinite  periods 
of  time  on  the  sidings  cotdd  be  kept  moving  and  would  provide 
ample  facilities  for  transporting  and  handling  all  the  coal  required. 
This  would  furnish  the  cars  necessary  to  run  the  mines  full  time  or 
even  overtime,  instead  of  half  or  two-thirds  time  as  at  present. 

If  the  excuse  of  the  coal  man,  of  shortage  of  cars  and  trans- 
portation is  eliminated,  he  comes  back  with  the  excuse  that  he 
cannot  get  the  necessary  labor.  As  the  Government  has  the 
right  and  the  power  to  take  over  the  railroads  and  draft  men  to 
go  into  the  trenches,  it  also  has  the  right  and  authority  to  take 
over  the  coal  mines,  the  country's  natural  resources,  and  draft  the 
men  to  work  in  them. 

This  would  put  a  stop  to  a  most  outrageous  profiteering  in 
one  of  the  necessities  of  life,  and  would  not  only  go  far  to  solve 
the  power  question  but  would  be  an  untold  benefit  to  every  man, 
woman  and  child  in  this  country. 
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The  nattaral  resources  of  the  country  should  be  conserved  and 
operated  for  the  benefit  of  all  the  people,  and  not  for  the  enrich- 
ment of  a  few. 

A.  Honegger:  The  existing  war  conditions  abroad  and  sub- 
sequent war  emergencies  at  home  have  created  enormous  poUt- 
ical  and  economical  changes  in  our  industries,  the  effect  of 
which  as  regards  public  utilities  has  been  eminently  portrayed 
in  the  paper  presented  by  Mr.  William  B.  Jackson.  The  facts 
as  they  stand  have  been  brought  before  us  in  concrete  form  and 
complete  in  most  all  details,  and  the  results  show  clearly  the 
urgent  necessity  for  taking  measures  to  meet  the  unusual  con- 
ditions. 

In  the  discussion  of  the  paper  most  speakers  have  endeavored 
to  seek  solutions  in  proposing  means  of  obtaining  economies 
by  improving  eflSciencies  and  by  charging  for  incidental  services 
not  directly  employed  in  producing  and  delivering  electrical 
energy.  All  of  these  will  no  doubt  have  some  bearing  on  the 
question  and  will  bring  some  results  to  the  satisfaction  of  the 
consimiers  as  well  as  of  the  operator. 

However,  we  must  be  aware  of  the  fact  that  the  operating 
percentage,  the  part  of  the  gross  revenues  which  is  expended  for 
fuel,  labor  and  supplies,  has  increased  so  tremendously  that 
the  net  has  on  the  average  been  reduced  to  a  point  where  the 
payment  of  the  interest  on  actual  moneys  invested  has  reached 
an  alarmingly  close  limit.  This  seems  to  me  the  important 
point  brought  to  our  attention  by  the  paper  and  in  part  by  the 
discussion. 

This  condition  can  only  be  remedied  by  an  adjustment  of 
rates,  by  an  increase  of  the  units  of  the  gross  revenue. 

There  are  existing  a  ntunber  of  important  institutions,  created 
for  the  purpose  of  adjusting  rate  questions  and  executive  bodies 
establishing  rates  for  the  safeguarding  of  both  the  consumer 
and  the  operator,  the  operator  referred  to  being  the  financiers 
and  managers  of  public  utilities.  All  of  these  have  made  great 
endeavors  in  the  past  to  solv^  the  individual  problems  to  the 
best  interest  of  the  parties  they  represent,  but  today  we  are 
confronted  with  a  far  different  situation  which  must  be  treated 
from  a  different  standpoint  and  which  must  receive  a  just  solution. 

Our  industries  must  keep  on  providing  the  fixed  interest  rate 
on  moneys  invested,  if  we  shall  avoid  calamities  of  national 
importance  and  this  can  only  be  done  by  increasing  light  and 
power  rates.  The  justice  of  increasing  rates  can  clearly  be 
illustrated  by  facts  and  it  is  up  to  the  managers  to  come  to  the 
foreground  with  these  facts  and  approach  the  institutions  having 
jurisdiction  over  rates  for  just  increases.  Difficulties  will  no 
doubt  be  encountered,  but  the  presentation  of  facts  will  sur- 
mount these  obstacles.  The  present  war  has  broadened  the 
minds  of  all  clear  thinking  Americans  in  a  remarkable  degree 
and  this  will  not  only  help  our  cause,  but  should  spur  those  of 
us  most  greatly  affected  to  immediate  and  concerted  action. 
A  result  must  be  obtained  whereby  public  utilities  will  be  placed 
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on  the  basis  of  all  other  industries,  at  least  to  the  extent  of  pro- 
ducing revenues  adequate  to  paying  interest  rates  on  actual 
moneys  invested. 

Considerable  action  has  been  exhibited  in  different  sections 
of  the  country  and  to  my  knowledge  results  have  been  obtained 
in  certain  commimities  in  Iowa  and  Nebraska,  where  City 
Councils  and  Boards  of  Trustees  have  granted  increases  in  rates 
on  the  basis  of  increased  costs.  A  fair  way  of  fixing  rates  in 
this  newly  created  period  is  to  have  rates  established  to  slide  on 
a  scale  with  increased  fuel  costs.  In  the  same  manner  there 
have  been  contracts  made  for  selling  power  in  bulk  to  large 
constmiers  and  power  companies.  This  will  bring  public  utili- 
ties more  on  the  basis  of  other  industries  which  have  the  privi- 
lege of  increasing  their  selling  prices  in  accordance  with  rise  of 
raw  material  prices  with  the  exception  that  adjustments  made  and 
sanctioned  by  institutions  above  mentioned  will  safeguard 
the  acknowledged  interests  of  the  consumers  prefixedly  in  case 
of  public  utilities. 

I  suggest  that  action  be  taken  on  a  large  scale;  the  facts  de- 
mand immediate  alterations  if  we  want  to  avoid  further  losses 
and  amend  the  present  precarious  status. 

A  further  point  of  importance  brought  to  our  attention  by  the 
paper  and  discussions  is  the  effect  on  provisions  for  improve- 
ments and  extensions.  The  fimds  of  the  nation  are  required  for 
the  successful  carrying  out  of  the  war  and  in  this  no  doubt  all 
public  utilities  and  their  fiscal  agencies  have  heartily  co-operated 
with  the  National  Government  and  will  continue  to  do  even 
more  so  in  the  future.  This  of  course,  has  curtailed  the  possibil- 
ities of  larger  extensions  and  new  imdertakings.  It  would  be 
unpatriotic  to  stimulate  such  undertakings  while  the  funds  are 
needed  in  the  great  National  Undertaking.  Nevertheless  there 
are  certain  immediate  improvements  and  extensions  which  have 
been  sanctioned  as  necessities,  and  while  the  ordinary  channels 
for  the  supply  of  funds  for  such  purposes  "have  been  fairly  well 
throttled,  it  may  be  well  to  look  for  new  sources  of  supply  for 
provisioning  and  financing  such  authorized  improvements. 
These  will  be  f  oimd  in  localities  and  occupations  mostly  benefited 
economically  by  war  activities  and  it  is  of  interest  to  certain 
public  utilities  to  note  that  recently  the  consumer  in  farming 
communities  and  also  communities  with  war  industries  has  be- 
come an  investor  in  securities.  Is  it  then  not  logical  to  seek 
funds  for  immediate  and  necessary  improvements  by  selling 
sectirities  to  your  consumers  and  tie  over  until  conditions  become 
normal;  this  will  no  doubt  be  beneficial  and  provide  a  relief  to 
the  extent  of  the  possible  activities  achieved  in  this  direction. 
It  will  also  add  a  friend  in  every  consumer  who  owns  your  local 
securities  and  establish  friendly  relationship  much  needed  and 
sought  for. 

W.  B.  Jackson:  You  will  feel  that  I  have  painted  a  gloomy 
picture,  but  I  wish  to  say  that  I  am  an  optimist  with  the  rest 
of  you,  because  as  expressed  in  the  earlier  of  my  remarks,  I 
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have  no  doubt  whatsoever,  that  this  situation  will  be  worked 
out  with  fine  results  from  the  standpoint  of  all. 

Referring  to  Mr.  CoflSn's  remarks,  I  am  much  interested  in 
what  he  had  to  say.  In  the  coiirse  of  his  valuable  remarks 
he  says  that  he  does  not  agree  with  the  statements  in  the  paper 
relating  to  the  economies  in  use  of  current  to  be  expected, 
but  I  am  inclined  to  believe  that  he  did  not  catch  the  intent 
of  the  paper  in  this,  namely,  that  our  residence  and  ordinary 
commercial  customers  will  normally  and  very  properly  econ- 
omize in  the  use  of  current.  I  cannot  imagine  a  residence  cus- 
tomer today  not  doing  his  best  to  economize  in  the  use  of  ciu*- 
rent,  as  compared  with  what  he  would  have  used  two  or  three 
years  ago;  nor  of  a  man  using  commercial  service  not  making 
endeavor  to  economize  such  as  he  has  never  made  before. 

I  have  recently  seen  a  concrete  case  where  such  economies 
have  been  clearly  shown  in  both  lighting  and  small  power 
load.  The  curve  of  total  current  used  per  annum,  taken  for 
the  end  of  each  succeeding  month,  showed  a  fair  increase  in 
total  current  consumed  on  account  of  increase  in  number  of 
customers,  but  the  use  per  customer  showed  a  decrease.  This 
was  beautifully  shown  by  the  fact  that  the  average  amount 
paid  per  kilowatt  hour  showed  an  increase,  which  meant  no 
small  decrease  in  the  amount  of  current  taken  per  customer.     - 

Prom  Mr.  Gorsuch  we  might  gather  the  impression  that 
the  increase  in  coal  cost  is  the  only  important  factor  to 
be  considered  but  from  our  analysis  of  the  situation  we  find 
that  the  increase  in  the  cost  of  coal  is  only  approximately  a 
half  of  the  total  increase.  It  is  therefore  seen  that  to  obtain 
any  true  visualization  of  the  situation  as  a  whole  it  is  necessary  to 
take  into  consideration  all  of  the  items  involved,  as  we  have  done. 

With  reference  to  the  reduction  of  peak  loads  as  compared 
with  the  average  loads;  that  is  one  of  the  things  that  we  must 
naturally  expect  will  be  done.  It  would  seem  that  this  can 
only  be  accomplished  through  government  action,  so  far  as 
present  customers  on  the  lines  are  concerned,  but  you  can 
readily  see  how  the  valleys  will  be  filled  if  the  non-essential 
industries  are  required  to  keep  off  of  the  peaks  but  permitted 
to  operate  during  the  valleys. 

In  this  paper  we  have  taken  the  situation  as  nearly  as  we  can  as 
it  stands  today,  and  have  pointed  out  the  lines  along  which  the 
changes  are  likely  to  come, — the  beneficial  changes  and  the  detri- 
mental changes.  We  have  not  endeavored  to  predict  far  into  the 
future.  My  hope  is  that  we  have  accomplished  what  is  needed  by 
such  a  paper,  namely,  that  we  have  given  you  a  visualization 
of  the  situation,  so  that  you  can  appreciate  how  serious  it  is 
and  how  important  it  is  for  us  to  support  and  help  those  who 
are  responsible  for  the  correct  solution  of  the  problems  involved. 
If  we  do  get  behind  them,  we  can  be  just  as  confident  that 
these  problems  will  be  solved  satisfactorily,  as  we  are  that  we 
will  come  out  of  the  war  victorious. 
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THE  TECHNICAL  STORY  OF  THE  FREQUENCIES 

BY   B.    G.    LAMME 

Abstract  op  Paper 

The  various  frequencies  used  in  alternating-current  work  in 
America  are  first  mentioned,  and  the  primary  reasons  for  their 
introduction  are  ^ven.  This  covers,  to  a  certain  extent,  the 
merits  and  dements  of  each  frequencjr  as  then  understood,  and 
the  reasons  each  one  met  certain  pressing  commercial  conditions 
at  the  time  it  was  brought  out.  This  is  followed  by  a  discussion 
of  various  alternating-current  applications  which  were  more  or 
less  dependent  upon  frequency. 

It  is  shown  that  there  was  an  apparent  need  for  two  standard 
frequencies  in  the  region  of  60  and  25  cycles,  and,  further,  why 
60  and  25  cycles  have  prevailed.  The  si>edal  fields  of  applica- 
tion of  each  one  are  discussed  fully  and  it  is  shown  why  25  cycles 
tended  to  dominate  the  fidd. 

The  persistent  developments  of  the  designing  engineers 
gradually  overcame  the  limitations  in  various  types  of  60-cycle 
apparatus  so  that  eventually  the  60-cycle  system  in  its  applica- 
tion approached  more  and  more  dosely  to  the  25-cycle  and,  in 
the  end,  has  taken  the  lead. 

The  outcome  of  the  battle  of  the  frequencies  was  determined 
far  naore  by  the  conditions  in  the  operating  field  than  by  the 
exploitation  of  any  particular  system  by  designing  engineers. 
As  a  consequence,  the  energies  of  the  engineers  were  directed 
exclusively  toward  overcoming  the  defects  and  limitations  of 
the  systems  and  not  expended  m  fighting  each  other. 


THE  STORY  of  how  and  why  the  various  commercial  fre- 
quencies came  into  use  and  then  dropped  out  again,  in  most 
cases,  is  not  primarily  the  story  of  the  frequencies  themselves, 
but  of  the  various  uses  to  which  the  alternating  current  has 
been  applied.*  In  other  words,  fundamental  changes  in  the 
application  of  alternating  current  have  led  to  radical  changes  in 
the  frequencies.  Some  of  the  applications  which  have  had  a 
determining  factor  on  the  frequency  of  the  supply  system  are 
as  follows;  incandescent  lighting,  transformers,  transmission 
systems,  arc  lighting,  induction  motoric,  synchronous  converters, 
constructional  conditions  in  rotating  machinery,  and  operating 
conditions.    A  brief  consideration  of  these  items  individually, 

*It  should  be  distinctly  understood  that  this  paper  covers  only  the 
story  of  American  development- 
al 
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from  the  present  viewpoint,  indicates  that  while  some  of  them 
had,  at  one  time,  very  considerable  influence  in  determining 
frequency  conditions,  yet,  in  a  number  of  cases,  the  original 
reasons  have  disappeared  through  improvements  and  refine- 
ments, as  will  be  described  later. 

At  various  times  the  following  standard  frequencies  have  been 
in  use  in  this  country,  namely,  133 J^,  125,  83^,  66  2/3, 
60,  50,  40,  30  and  25  cycles  per  second.  These  did  not  appear 
chronologically  in  the  order  given  above,  and  a  few  odd  fre- 
quencies in  a  few  special  applications  are  omitted. 

In  the  following,  the  various  frequencies  will  be  considered 
more  or  less  in  the  order  of  their  development  and  basic  reasons 
will  be  given  for  their  choice,  and  the  writer  will  endeavor  to 
show  why  certain  of  them  have  persisted,  while  others  have 
dropped  out.  It  will  also  be  shown  why  the  commercial  situa- 
tion has  first  tended  strongly  toward  certain  frequencies  and 
afterwards  swung  toward  others. 

133  AND  125  Cycles 
In  the  earliest  alternating  work,  the  whole  service  consisted 
of  incandescent  lighting,  and  the  electric  equipment  was  made 
up  of  small  high-speed  belted  single-phase  generators  and  house- 
to-house  distributing  transformers.  As  the  transformers  were 
of  small  capacity  and  as  their  design  was  in  a  very  crude  state, 
it  was  believed  that  a  relatively  high  frequency  would  best  meet 
the  transformer  conditions.  A  choice  of  such  an  odd  frequency 
as  1333^  cycles  per  second,  is  due  to  the  fact  that  in  those 
early  days  (1886  to  1893)  frequencies  were  usually  designated 
in  terms  of  alternations  per  minute.  One  of  the  earliest  com- 
mercial generating  units  constructed  by  the  Westinghouse 
company  had  a  speed  of  2000  rev.  per  min.  and  had  eight  poles. 
This  presented  a  fairly  convenient  constructional  arrangement 
for  the  surface-wound  type  of  rotating  armature,  which  was  the 
only  one  recognized  at  that  time.  The  speed  of  2000  rev.  per 
min.,  with  eight  poles,  gave  16,000  alternations  per  minute,  or 
133i  cycles  per  second  according  to  our  present  method  of 
designation.  Thus  the  earliest  frequency  in  commercial  use  in 
this  country  was  fixed,  to  a  certain  extent,  by  constructional 
reasons,  although  the  house-to-house  transformer  problem  ap- 
parently indicated  the  need  for  a  relatively  high  frequency. 
The  Thomson-Houston  company  adopted  a  standard  fre- 
quency of  15,000  alternations  per  minute,  (125  cycles)  instead 
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of  the  Westinghouse  16,000,  but  the  writer  does  not  know  why 
this  difference  was  made.  However,  the  two  frequencies  were 
so  close  together  that  practically  they  could  be  classified  as  one. 
At  this  time,  it  should  be  borne  in  mind,  there  were  no  real 
transmission  problems,  no  alternating-current  arc  lighting,  no 
induction  motors  and  the  need  for  uniform  rotation  of  the  genera- 
tors was  not  recognized.  The  induction  motor,  in  its  earliest 
stages,  came  in  1888  and  considerable  work  was  done  on  it  in 
1889  and  1890,  but  it  required  polyphase  supply  circuits  and  com- 
paratively low  frequency  and,  therefore,  it  had  no  connection 
whatever  with  the  then  standard  single-phase,  133^  and  125- 
cycle  systems.  The  synchronous  converter  was  also  unheard 
of  (one  might  say  almost  undreamed  of)  at  that  time. 

60  Cycles^ 
In  1889  or  1890  it  was  beginning  to  be  recognized  in  this 
country  that  some  lower  frequency  than  125  and  133^  cycles 
would  be  desirable.  Also  about  this  time  direct-coupled  and 
engine-type  alternators  were  being  considered  in  Europe  and  it 
was  felt  that  such  construction  would  eventually  come  into  use 
in  America.  It  was  appreciated  that  in  such  case,  133i  cycles 
would  present  very  considerable  difficulties  compared  with 
some  much  lower  frequency,  due  to  the  large  ntunber  of  poles 
which  would  be  required.  For  instance,  an  alternator  direct 
driven  by  an  80-rev.  per  min.  engine  would  require  200  poles 
to  give  the  required  frequency  and  such  construction  was  looked 
upon  as  being  practically  prohibitive.  About  this  time  Mr. 
L.  B.  Stillwell,  then  with  the  Westinghouse  company,  made  a 
very  careful  study  of  this  matter  of  a  new  frequency,  in  connec- 
tion with  the  possibilities  of  engine-type  generators,  and  after 
analyzing  a  number  of  cases,  it  appeared  that  7200  alternations 
per  minute  (60  cycles  per  second),  was  about  as  high  as  would 
be  desirable  for  the  various  engine  speeds  then  in  sight.  Trans- 
former constructions  and  arc  lighting  were  also  considered  in 
this  analysis.  While  it  was  deemed  that  a  somewhat  higher 
frequency  might  be  better  for  transformers,  yet  a  lower  fre- 
quency than  60  cycles  was  considered  as  possibly  better  for 
engine-type  generators.  A  compromise  between  all  the  various 
conditions  eventually  led  to  60  cycles  as  the  best  frequency. 
However,  while  this  frequency  originated  about  1890,  it  did  not 
come  into  use  suddenly,  for  it  was  impossible  to  introduce  such 
a  radical  change  in  a  brief  time.     Moreover,  the  direct-coupled 
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or  engine-type  generator  was  slow  in  coming  into  general  use  and, 
therefore,  there  was  not  the  necessity  for  the  introduction  of 
this  low  frequency  in  many  of  the  equipments  sold  from  1890 
to  1892.  However,  by  1893,  60  cycles  became  pretty  firmly 
established  and  was  sharing  the  business  with  the  133| -cycle 
systems.  It  should  be  borne  in  mind  that,  at  this  time,  the 
adoption  of  this  frequency  was  not  considered  as  a  direct  means 
for  bringing  forward  the  polyphase  induction  motor,  for  the 
earlier  60-cycle  systems,  like  the  125-  and  133S-cycle,  were  all 
single-phase.  Also,  it  was  then  thought  that  the  polyphase 
motor  would  possibly  require  a  still  lower  frequency  and,  more- 
over, the  polyphase  system  was  looked  upon  as  in  a  class  by 
itself,  suitable  only  for  induction  motor  work.  At  that  time 
the  introduction  of  polyphase  generators  for  general  service  was 
not  contemplated.     This  followed  about  two  or  three  years  later. 

In  1890  the  Westinghouse  company,  which  had  been  de- 
veloping the  Tesla  polyphase  motor»  laid  aside  the  work,  largely 
on  account  of  there  being  no  suitable  general  supply  systems  for 
this  type  of  motor.  The  problem  was  again  revived  in  1892, 
in  an  experimental  way,  with  a  view  to  bringing  out  an  induction 
motor  which  might  be  applied  on  standard  frequencies  such  as 
could  be  used  in  commercial  supply  circuits  for  lighting  and  other 
purposes.  It  should  be  understood  that  at  this  time  such  cir- 
cuits were  not  in  existence  but  were  being  contemplated.  In 
1893,  after  the  polyphase  motor  had  been  further  developed  up 
to  the  point  where  it  showed  great  commercial  possibilities,  the 
best  means  for  getting  it  on  the  market  were  carefully  considered. 
It  was  decided  that  the  best  way  to  promote  the  induction  motor 
business  was  to  create  a  demand  for  it  on  commercial  alternating- 
current  systems.  This  meant  that,  in  the  first  place,  such  sys- 
tems must  be  created.  Therefore,  it  was  decided  to  undertake 
to  fill  the  country  with  polyphase  generating  systems,  which  were 
primarily  to  be  used  for  the  usual  lighting  service.  It  was 
thought  that,  with  such  systems  available,  the  time  would  soon 
come  when  there  would  be  a  call  for  induction  motors.  In  this 
way  experience  would  be  obtained  in  the  construction  and  opera- 
tion of  polyphase  generators  and  the  operating  public  would  not 
be  unduly  handicapped  in  the  use  of  such  generators,  compared 
with  the  older  single-phase  types. 

An  early  example  of  this  new  practise  was  in  the  2000-kw. 
polyphase  generating  units  used  for  lighting  the  Chicago  World's 
Pair  in  1893.     Here  the  single-phase  type  still  persisted,  as  each 
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generator  unit  was  made  up  of  two  similar  frames  placed  side  by 
side,  but  with  their  single-phase  armatures  d'splaced  one-half 
pole  pitch  from  each  other  so  that  the  combined  machine  de- 
livered two  single-phase  currents  displaced  90  degrees  from  each 
other.  It  was  considered  that  each  circuit  could  be  regulated 
independently  for  lighting  service,  and  polyphase  motors  could 
be  operated  from  the  two  circuits.  These  generators  (at  that 
time  the  largest  in  this  country)  were  designed  in  1892  and  were 
of  60  cycles.  These,  therefore,  indicate  the  tendency  at  that  time 
toward  lower  frequency  and  polyphase  generation,  although 
commercial  polyphase  motors  were  not  yet  on  the  market. 

25  CYCLES 

At  the  same  time  that  60  cycles  was  selected  as  a  new  standard 
it  was  recognized  that  at  some  future  time  there  would  be  a 
place  for  some  much  lower  frequency,  but  it  was  not  until  two 
years  later  that  this  began  to  narrow  down  to  any  particular 
frequency.  In  1892  the  first  Niagara  electrification,  after  several 
years  consideration  by  eminent  authorities,  had  centered  on 
polyphase  alternating  current  as  the  most  desirable  system.  The 
engineers  of  the  promoting  company  had  also  worked  out  what 
they  considered  the  most  suitable  construction  of  machine.  This 
involved  5000-h.  p.  units  at  250  revolutions  per  minute.  Prof. 
George  Forbes,  one  of  the  engineers  of  the  company  had  furnished 
the  electrical  designs  for  a  machine  with  an  external  rotating 
field  and  an  internal  stationary  armature.  His  design  used  eight 
poles,  thus  giving  2000  alternations  per  minute,  or  16f  cycles  per 
second.  Quite  independently  of  this,  the  Westinghouse  com* 
pany ,  in  1892,  had  been  working  on  the  development  of  synchron- 
ous converters,  using  belted  550-volt  d-c.  generators  with  two- 
phase  collector  rings  added.  The  tests  on  these  machines  had 
shown  the  practicability  of  such  conversion  and  had  even  proved 
at  this  early  date,  that  the  converter  copper  losses  were  much 
lower  than  in  the  corresponding  d-c.  generators.  Thus  it  is  an 
interesting  fact  that  the  first  evidence  of  this  important  principle 
was  obtained  from  a  shop  test  rather  than  by  calculation.  The 
writer,  from  an  analysis  of  the  tests,  which  were  made  under  his 
immediate  direction,  concluded  that  the  armature  copper  losses 
must  be  considerably  lower  than  in  the  same  machine  used  as  a 
d-c.  generator.  He  also  brought  the  matter  to  the  attention 
of  Mr.  R.  D.  Mershon,  then  with  the  Westinghouse  company, 
and  the  problem  was  then  worked  out  mathematically  by  him 
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and  the  writer,  in  two  quite  different  ways,  but  with  similar 
results,  showing  that  the  converter  did  have  actually  very  much 
reduced  copper  losses. 

As  a  result  of  this  work  of  the  Westinghouse  company  on  the 
synchronous  converter,  it  was  decided  that,  to  make  such  ma- 
chines practicable,  some  suitable  relatively  low  frequency  was 
required.  This  appeared  to  be  about  30  cycles.  About  this 
time  the  construction  of  the  Niagara  generators  was  taken  up 
with  the  Westinghouse  company  to  see  whether  it  would  con- 
struct these  machines  according  to  the  designs  submitted  by  the 
promoting  company's  engineers.  These  designs  were  gone  over 
as  carefully  as  the  knowledge  of  such  apparatus,  at  that  time, 
permitted,  and  many  apparent  defects  and  difficulties  were 
pointed  out.  The  Westinghouse  company  then  proposed,  as  a 
substitute,  a  16-pole,  250-rev.  per  min.  machine  (the  speed  being 
definitely  fixed  at  250  rev.  per  min.).  This  gave  33^  cycles  or  as 
near  to  the  Westinghouse  proposed  30-cycle  system,  as  it  was 
possible  to  get.  Then  many  arguments  were  brought  forward, 
pro  and  con,  for  the  two  machines  and  frequencies.  Prof. 
Forbes*  preference  for  16f  cycles  was  based  partly  on  the  pos- 
sibilities it  presented  for  the  construction  and  operation  of  com- 
mutator type  motors,  just  as  with  direct-current  circuits.  The 
Westinghouse  contention  was  that  this  frequency  was  too  low 
for  any  kind  of  service  except  possibly  commutator  type  ma- 
chines. Tests  were  made  with  incandescent  lights  and  it  was 
found  that  at  33J  cycles  there  was  little  or  no  winking  of  light, 
while  at  16f  cycles,  the  winking  was  extremely  bad.  Tables 
were  also  made  up,  showing  the  limited  number  of  speed  com- 
binations at  16f  cycles  for  induction  motors,  in  case  such  should 
come  into  use.  This  showed  how  superior  the  33J  cycles  would 
be  as  regards  such  apparatus.  It  was  also  brought  out  that 
S3mchronous  converters,  when  such  became  commercial,  would 
be  much  better  adapted  for  the  higher  frequency,  as  the  choice 
of  speeds  would  be  much  greater.  From  the  present  viewpoint 
the  argtunents  appear  to  have  been  much  in  favor  of  the  West- 
inghouse side  of  the  case. 

As  a  consequence  of  all  this  discussion  the  suggestion  was 
advanced  by  some  one,  that  a  12-pole,  250-revolution  machine, 
(that  is,  3000  alternations,  or  25  cycles),  might  meet  sufficiently 
the  good  qualities  of  both  of  the  proposed  frequencies  and  would 
thus  be  a  good  compromise.  In  consequence  a  12-pole,  25-cycle 
machine  was  worked  up  by  the  Westinghouse  company  and 
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eventually  this  frequency  was  adopted  for  the  Niagara  genera- 
tors. Afterwards,  while  these  generators  were  being  constructed 
it  was  brought  out  pretty  strongly  that  the  great  advantage  of 
this  frequency  would  be  in  connection  with  synchronous  con- 
verter operation,  but  that  it  was  also  extremely  well  adapted  for 
slow-speed  engine-type  generators,  which  were  then  coming  into 
use.  In  consequence  of  the  prominence  given  this  frequency  it 
was  soon  adopted  as  a  standard  low  frequency,  especially  in  those 
plants  where  synchronous  converters  were  "expected  to  form  a 
prominent  part  of  the  system. 

However,  while  60  and  25  cycles  came  into  use,  as  described 
above,  it  must  be  recognized  that  they  had  competitors.  For 
instance,  66§  cycles  (8000  alternations  or  one-half  of  16,000) 
was  used  to  a  considerable  extent  by  one  of  the  manufacturing 
companies.  Also  50  cycles  came  into  use  in  certain  plants  and, 
to  a  certain  extent,  is  still  retained,  but  has  become  the  standard 
high  frequency  of  Europe.  Instead  of  25  cycles,  the  Westing- 
house  company  advocated  30  cycles  for  some  of  its  plants,  largely 
because  with  the  20  per  cent  higher  speeds  permissible  with  such 
frequencies,  the  capacities  of  induction  motors  could  be  cor- 
respondingly increased  and  also  incandescent  lighting  was  more 
satisfactory.  However,  it  was  soon  recognized  that  the  66 j  and 
30-cycle  variations  from  the  two  leading  frequencies  of  60  and  25 
cycles  were  hardly  worth  while,  and  they  were  gradually  dropped, 
except  in  plants  already  installed.  A  brief  attempt  was  made 
at  a  somewhat  later  period  to  place  40  cycles  upon  the  market 
as  a  substitute  for  both  25  and  60  cycles.  This  was  done  under 
the  impression  that  40  cycles  would  give  a  universal  system  for 
arc  and  incandescent  lighting,  transmission,  induction  motors, 
synchronous  converters  and  about  everything  else.  This  fre- 
quency possessed  many  merits  and  it  was  thought,  at  one  time, 
that  it  might  win  out,  but  apparently  the  two  other  frequencies 
were  too  well  established,  and  the  40-cycle  system  eventually 
lost  ground. 

The  problem  of  the  frequencies  finally  narrowed  down  to  the 
two  standards,  and  these  two  were  accepted  because  it  was 
thought  that  they  covered  such  entirely  different  fields  of  ser- 
vice that  neither  of  them  could  ever  expect  to  cover  the  whole. 
In  other  words,  two  standards  were  required  to  cover  the  whole 
range  of  service.  It  was  recognized  that  25  cycles  would  not 
take  care  of  alternating-current  arc  lighting  and  that  it  was 
questionable  for  incandescent  lighting  in  general.     In  other  ways. 
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such  as  suitability  for  engine-type  construction,  application  to 
induction  motors  and  synchronous  converters  and  transmission 
of  power  to  long  distances,  it  met  the  needs  of  an  ideal  system, 
as  then  understood.  Also,  in  parallel  operation  of  engine-type 
alternators,  which  was  one  of  the  serious  problems  of  those  days, 
the  25-cycle  machines  were  unquestionably  superior  to  the  60- 
cycle  ones,  due  to  the  lesser  displacement  of  the  e.  m.  f.  waves 
with  respect  to  each  other  with  a  given  angular  variation  in  the 
engine  speeds.  However,  although  the  25-cycle  system  pre- 
sented so  many  advantages,  it  could  not  take  care  of  the  lighting 
business,  and,  therefore,  could  not  entirely  dominate  the  situa- 
tion. 

As  regards  60  cycles,  it  was  felt  that  this  could  handle  the  direct 
lighting  situation  in  a  very  satisfactory  manner  and  was  pos- 
sibly better  suited  for  transformers  than  25  cycles,  although 
there  were  differences  of  opinion  in  this  matter,  especially  when 
it  came  to  the  larger  capacities.  It  was  reasonably  well  adapted 
for  induction  motors  in  general,  but  not  for  very  low  speeds.  In 
matters  of  transmission  and  in  the  operation  of  synchronous 
converters  it  was  thought  to  be  vitally  defective. 

From  the  above  consideration  it  would  appear  that  the  25- 
cycle  systems  presented  the  stronger  showing  as  a  whole  and, 
therefore,  there  was  a  decided  tendency  toward  this  frequency, 
except  in  those  cases  where  lighting  directly  from  the  alternating- 
current  system  was  considered  of  prime  importance.  In  those 
systems,  such  as  many  of  the  Edison  companies,  where  low- 
voltage  three-wire  direct  current  was  used  from  synchronous 
converters,  the  tendency  was  almost  solidly  toward  the  25-cycle 
system.  In  those  days  the  central  station,  which  had  been 
committed  to  the  60-cycle  system  so  deeply  that  it  could 
not  change,  was  looked  upon  with  commiseration.  Sixty-cycle 
plants  were  looked  upon,  to  a  certain  extent,  as  a  necessary  evil. 
In  fact,  so  strong  was  the  tendency  toward  25  cycles  that  in  many 
cases  25-cycle  plants  were  installed  for  industrial  purposes,  where 
60  cycles  would  have  been  better.  The  25-cycle  synchronous 
converter  development  advanced  by  leaps  and  bounds  and  the 
machines  were  so  good  in  their  operation  that  it  was  believed 
that  60-cycle  converters  could  never  be  really  competitive  with 
them. 

On  the  other  hand,  in  those  large  plants,  which  were  so  "un- 
fortunate" as  to  have  60  cycles  installed,  many  apparent  make- 
shifts were  adopted  to  meet  the  various  service  requirements. 
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In  arc  lighting,  incandescent  lighting,  transformers  and  motors 
there  was  no  need  for  makeshifts.  .However,  in  conversion  to 
direct  current,  one  of  the  greatest  difficulties  appeared.  There 
were  many  who  advocated  motor-generators  for  this  purpose, 
largely  because  the  60-cycle  converter  was  thought  to  be  im- 
practicable, in  spite  of  the  fact  that  the  manufacturing  companies 
were  putting  them  on  the  market.  The  60-cycle  converter  at 
that  time  bore  a  bad  name.  It  is  now  recognized  that  many  of 
the  faults  of  the  early  60-cycle  synchronous  converter  operation 
were  not  in  the  converters  themselves,  but  were,  to  a  consider- 
able ext^it,  in  the  associated  apparatus.  Low-speed  engine- 
type,  60-cycle  generators  were  not  always  adapted  for  operation 
of  synchronous  converters.  In  fact,  in  numerous  cases  such 
generators  would  not  operate  in  an  entirely  satisfactory  manner 
in  parallel  with  each  other,  and  yet  when  it  was  attempted  to 
operate  synchronous  converters  from  these  same  generators  the 
tmsatisfactory  results  were  not  blamed  upon  the  generating 
system  but  upon  defects  of  the  converters  themselves.  Unfor- 
tunately, defects  in  the  generating  and  transmission  systems 
usually  appeared  in  the  converters  as  sparking  and  flashing, 
and  such  troubles  naturally  would  be  credited  to  defects  in  the 
construction  of  the  converters  themselves.  In  fact,  in  those 
days,  60-cycle  converters  were  expected  to  do  things  which  now 
are  considered  as  absurd.  For  instance,  in  one  case  in  the  writ- 
er's knowledge  a  60-cycle  synchronous  converter  was  criti- 
cized as  being  a  very  badly  designed  piece  of  apparatus,  due  to 
serious  flashing  at  times.  Investigation  developed  that  this 
converter  was  expected  to  operate  on  either  one  of  two  indepen- 
dent 60-cycle  systems  with  no  rigid  frequency  relation  to  each 
other.  The  converter  in  service  was  thrown  from  one  system  to 
the  other  indiscriminately,  and  sometimes  it  flashed  in  the  trans- 
fer and  sometimes  it  did  not.  The  machine  was  considered  to 
be  "no  good"  because  it  would  not  always  stand  such  switching. 
At  one  time  the  writer  stood  almost  alone  in  his  belief  that 
the  60-cycle  synchronous  converter  presented  commercial  pos- 
sibilities sufficient  to  make  it  a  strong  futtire  contender  with 
the  25-cycle  machine,  provided  proper  supply  conditions  were 
furnished  and  certain  difficulties  in  the  proportions  of  the  con- 
verter itself  were  overcome.  One  basis  for  his  contention  was 
that  in  some  of  the  60-cycle  plants,  where  the  generator  rotation 
was  quite  uniform,  the  converters  were  evidently  much  superior 
in  their  operation  to  other  plants,  using  low-speed  engine-type 
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generators  with  considerable  periodic  variations.  In  such  plants 
the  hunting  tendency  of  the  converters  was  very  greatly  re- 
duced, with  consequent  improvement  in  sparking  and  general 
operation.  It  was  early  recognized  that  hunting  was  a  very 
harmful  condition,  both  in  60-  and  26-cycle  synchronous  con- 
verters, but  whereas  it  was  a  relatively  rare  condition  in  25-cycle 
plants  it  was  much  more  common  with  60  cycles.  However, 
the  operating  public  was  not  particularly  concerned  whether 
the  trouble  was  in  the  generating  plant  or  in  the  converters 
themselves,  as  long  as  such  trouble  existed  and  was  not  overcome. 
Very  early  in  the  synchronous  converter  development  it  was 
found  that  hunting  would  produce  sparking  or  flashing  at  the 
commutators  of  the  converters.  However,  even  in  those  plants 
where  there  was  no  hunting  apparent,  there  was  difficulty  at 
times  due  to  flashing,  especially  with  sudden  change  of  load, 
which  resulted  in  temporary  increase  in  the  d-c.  voltage.  This 
was  a  difficulty  which  was  inherent  in  the  converter  itself  and 
could  not  be  blamed  entirely  upon  the  generating  or  transmitting 
conditions,  for  25-cycle  machines  were  practically  free  from 
this  trouble  under  similar  conditions  of  operation.  Investiga- 
tion developed  the  fact  that  this  flashing  trouble  was  due  largely 
to  unduly  high  value  of  the  maximum  volts  between  conunutator 
bars.  This  difficulty  was  recognized  long  before  it  was  over- 
come, simply  because  certain  physical  limitations  in  construction 
had  to  be  removed.  There  were  two  ways  in  which  the  maximimi 
volts  per  bar  could  be  reduced,  namely,  by  increasing  the  number 
of  conamutator  bars  per  pole  and  by  decreasing  the  ratio  of  the 
maximum  volts  to  the  average  volts  per  bar,  that  is,  by  increas- 
ing the  ratio  of  the  pole  width  to  the  pole  pitch,  but  both  of 
these  involved  structural  limitations  in  the  allowable  peripheral 
speeds  of  the'  commutator  and  the  armature  core.  Here  is 
where  a  little  elementary  mathematics  comes  in.  The  per- 
ipheral speed  of  the  commutator  is  directly  proportional  to  the 
distance  between  adjacent  neutral  points  on  the  commutator, 
and  the  frequency.  Therefore,  with  a  given  frequency  the 
distance  between  the  adjacent  neutral  points  is  directly  propor- 
tional to  the  peripheral  speed.  Thus,  with  a  commutator  speed  of 
4500  ft.  per  min.  which  was  then  considered  an  upper  limit, 
the  distance  between  adjacent  neutral  points  on  a  60-cycle 
converter  is  only  7J  in.  (19  cm.)  This  distance  is  thus  fixed 
mathematically  and  is  independent  of  the  niunber  of  poles  or 
revolutions  per  minute,  or  anything  else,  except  the  peripheral 
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speed  and  the  frequency.  With  this  distance  of  7 J  in.,  (19  cm.), 
about  the  only  choice  in  commutator  bars  per  pole  was  36, 
giving  an  average  of  16|  volts  per  bar  on  a  600-volt  machine, 
and  nearly  20  volts  per  bar  with  momentary  increase  of  voltage 
to  700,  which  is  not  uncommon  in  railway  service. 

However,  it  is  not  this  average  voltage  which  fixes  the  flashing 
conditions,  but  it  is  the  maximum  voltage  between  bars,  and 
this  is  dependent  upon  the  average  voltage  and  upon  the  ratio 
of  the  pole  width  to  the  pole  pitch.  Here  is  where  one  of  the 
serious  difficulties  came  in.  The  pole  pitch  is  directly  de- 
pendent upon  the  peripheral  speed  of  the  armature  core  and 
the  frequency.  Therefore,  in  a  60-cycle  machine,  if  the 
peripheral  speed  is  fixed,  the  pole  pitch  is  practically  fixed. 
For  example,  with  an  armature  peripheral  speed  of  7200  ft.  per 
min.,  (which  was  considered  high  at  that  time,)  the  pole  pitch 
becomes  12  in.  (30.48  cm.),  regardless  of  any  other  considerations, 
and  here  was  where  a  most  serious  difficulty  was  encountered. 
If  a  sufficiently  wide  neutral  zone  for  conwnutation  was  allowed 
the  interpolar  space  became  so  wide  that  there  was  not  enough 
left  for  a  good  pole  width.  For  instance,  if  the  interpolar  space 
was  made  6  in.  (15.24  cm.)  wide,  in  order  to  give  a  sufficiently 
wide  commutating  zone  to  prevent  sparking  or  flashing,  due  to 
fringing  of  the  main  field,  then  this  left  only  6  in.  for  the  pole 
face.  With  this  relatively  narrow  pole  face  the  ratio  of  the 
maximum  volts  to  the  average  volts  was  so  high  thstt  with  the 
36  conMnutator  bars  per  pole  the  machine  was  sensitive  to  arcing 
between  commutator  bars,  thus  resulting  in  flashing.  By  widening 
the  pole  face  this  particular  difficulty  would  be  lessened  or  over- 
come, but  with  the  fixed  pole  pitch  of  12  in.  (30.48  cm.)  the  neutral 
zone  would  be  so  narrowed  as  to  make  the  machine  sensitive  to 
sparking  and  flashing  at  the  brushes.  Thus,  no  matter  which 
way  we  turned  we  encountered  trouble.  Obviously  there  were 
two  directions  of  improvement,  namely,  by  increasing  the 
number  of  commutator  bars,  thus  reducing  the  average  voltage, 
and  by  increasing  the  pole  pitch,  thus  allowing  relatively  wider 
poles  with  a  given  interpolar  space.  These  two  conditions  look 
simple  and  easy,  but  it  took  several  years  of  experience  to 
attain  them.  When  we  have  reached  apparent  physical  limita- 
tions in  a  given  construction,  especially  when  such  limitations 
are  based  upon  long  experience,  we  have  to  feel  otir  way 
quite  slowly  toward  higher  limitations.  For  instance,  in  the 
case  of  the  60-cycle  converters  we  could  not  boldly  jump  otir 
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peripheral  speeds  20  to  25  per  cent  higher  and  simply  assimie 
that  everything  was  all  right.  We  first  had  to  build  apparatus 
and  try  it  out  for  a  year  or  so.  Troubles,  due  to  peripheral 
speed,  do  not  always  become  apparent  at  once,  and  thus  time 
tests  are  necessary.  Therefore,  while  the  peripheral  speeds  of 
the  60-cycle  synchronous  converters  were  actually  increased  20 
to  25  per  cent  practically  in  one  jump,  yet  it  took  two  or  three 
years  of  experimentation  and  endurance  tests  before  the  manu- 
factiu-ers  felt  sure  enough  to  adopt  the  higher  speeds  on  a  broad 
commercial  scale.  Thus,  while  the  change  from  the  older  more 
sensitive  type  of  60-cycle  converter  to  the  later  type  occurred 
commercially  within  a  comparatively  short  period,  yet  the  actual 
development  covered  a  much  longer  period. 

Let  us  see  now  what  an  increase  of  26  per  cent  in  the  peripheral 
speeds  actually  meant.  As  regards  the  commutator,  the  number 
of  bars  could  be  increased  25  per  cent,  that  is,  from  36  up  to  45  per 
pole,  which  was  comparable  with  ordinary  d-c.  generator  practise. 
In  the  second  place,  an  increase  of  25  per  cent  in  the  peripheral 
speed  of  the  armature  core  meant  a  15-in.  (38.1-cm.)  pole  pitch, 
where  12  in.  (30.8  cm.)  was  used  before.  Assiuning,  as  before, 
a  6-in.  (15.24-cm.)  interpolar  space,  then  the  pole  face  itself 
became  9  in.  (22.8  cm.)  in  width  instead  of  6  in.  (15.24  cm.) 
or  an  improvement  of  50  per  cent.  In  fact,  this  latter  improve- 
ment was  so  great  that  some  manufacturers  did  not  consider  it 
necessary  to  increase  the  number  of  commutator  bars,  although 
in  the  Westinghouse  machines  both  steps  were  made. 

The  above  improvements  so  modified  the  60-cycle  converter 
that  it  began  to  approach  the  25-cycle  machine  in  its  general 
characteristics.  It  was  still  quite  expensive  compared  with  the 
25-cycle,  due  to  the  large  number  of  poles,  and  its  efficiency  was 
considerably  lower  than  its  25-cycle  competitor,  on  account  of 
high  iron  and  windage  losses.  However,  due  to  the  need  for 
such  a  machine  it  was  gradually  making  headway,  in  spite  of 
handicaps  in  cost  and  efficiency. 

Almost  coincident  with  the  initiation  of  the  above  improve- 
ments in  the  60-cycle  converter,  came  another  factor  which  has 
had  much  to  do  with  the  success  of  this  type  of  machine.  This 
was  the  advent  of  the  turbo-generator  for  general  service.  As 
stated  before,  one  of  the  handicaps  of  the  60-cycle  converter  was 
in  the  non-uniform  rotation  of  the  engine-type  generators  which 
were  common  in  the  period  from  1897  to  about  1903  or  1904. 
But,  about  this  latter  date,  the  turbo-generator  was  making 
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considerable  inroads  on  the  engine-type  field  and  within  a  rela- 
tively short  period  it  so  superseded  the  former  type  of  unit,  that 
it  was  recognized  as  the  coming  standard  for  large  alternating 
power  service.  With  the  turbo-generator  came  uniform  rotation 
and  this  at  once  removed  one  of  the  operating  difficulties  of  the 
60-cycle  converters.  However,  in  the  early  days  of  the  turbo- 
generator, 25  cycles  still  w£is  in  the  lead  and  many  of  the  earlier 
generators  were  made  for  this  frequency,  especially  in  the  larger 
units.  But  it  was  not  long  before  it  was  recognized  that  60 
cycles  presented  considerable  advantage  in  turbo*generator 
design  due  to  the  higher  permissible  speeds.  In  the  earlier  days 
of  turbo-generator  work,  this  was  not  recognized  to  any  extent, 
as  the  speeds  of  all  units  were  so  low  that  the  effect  of  any  speed 
limitations  was  not  yet  encountered.  For  instance,  a  1500-kw., 
60-cycle  turbo-generator  would  be  made  with  six  poles  for  1200 
revolutions,  while  a  corresponding  25-cycle  unit  would  be  made 
with  two  poles  for  1500  revolutions.  This  slightly  higher  speed 
at  25  cycles  about  counterbalanced  the  difficulties  of  the  two- 
pole  construction  compared  with  the  six-pole.  However,  before 
long,  more  experience  enabled  the  1200  r.p.m.,  60-cycle  machine  to 
be  replaced  by  1800  revolutions,  and  a  little  later  by  two  pole 
machines  at  3600  revolutions.  This,  of  course,  tiu*ned  the  scales 
very  much  in  the  other  direction.  In  larger  units,however,the  ad- 
vantage still  appeared  to  be  in  favor  of  25  cycles,  but  in  the  course 
of  development,  1500  revolutions  was  adopted  quite  generally  for 
25-cycle  work,  and  this  was  the  limiting  speed,  as  such  machines 
had  only  two  poles,  or  the  smallest  number  possible  with  ordinary 
constructions.  On  the  other  hand,  for  60  cycles,  1800  revolutions 
was  adopted  quite  generally  for  units  up  to  almost  the  extreme 
capacities  that  had  been  considered,  consequently  the  con- 
structional conditions  in  the  large  machines  swung  in  favor 
of  60  cycles.  Therefore,  with  the  coming  of  the  steam  ttirbine 
and  the  development  of  high-speed  turbo-generator  units,  the 
tendency  has  been  strongly  toward  60  cycles.  This,  with  the 
greater  perfection  of  the  60-cycle  converter,  had  much  to  do  with 
directing  the  practise  away  from  the  25  cycles. 

However,  there  were  other  conditions  which  tended  strongly 
toward  60  cycles.  In  the  early  development  of  the  induction 
motor,  the  25-cycle  machines  were  considerably  better  than  the 
60-cycle  and  possibly  little  or  no  more  expensive.  However, 
as  refinements  in  design  and  practise  came  in,  certain  important 
advantages  of  the  60-cycle  began  to  crop  out.     For  instance, 
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with  25  cycles  there  is  but  little  choice  in  speed,  for  small  and 
moderate  size  motors.  At  this  frequency  a  four-pole  motor  has 
a  synchronous  speed  of  only  750.  The  only  higher  speed  per- 
missible is  1500  revolutions  with  two  poles,  and  it  so  happens 
that  in  induction  motors  the  two-pole  construction  is  not  mate- 
rially cheaper  than  the  four  pole,  consequently  the  principal  ad- 
vantage in  going  to  1500  revolutions  was  only  in  getting  a  higher 
speed  where  such  was  necessary  for  other  reasons  than  first  cost. 
However,  in  60  cycles  the  case  is  quite  different,  where  a  four- 
pole  machine  can  have  a  speed  of  1800  revolutions,  synchronous, 
a  six-pole  1200,  an  eight-pole  900  and  a  ten-pole  720  revolutions. 
In  other  words,  there  are  four  suitable  speed  combinations  where 
a  25-cycle  motor  has  practically  only  one.  Moreover,  with  the 
advance  in  design  it  developed  that  these  higher  speed  60-cycle 
motors  could  be  made  with  nearly  as  good  performance  as  with 
the  25-cycle  motors  of  same  capacity,  and  at  somewhat  less  cost. 
However,  leaving  out  the  question  of  cost,  the  wider  choice  of 
speeds  alone  would  be  enough  to  give  the  60-cycle  motor  a  pro- 
nounced preference  for  general  service. 

However,  there  is  one  exception  to  the  above.  Where  very 
low-speed  motors  are  required,  such  as  100  rev.  per  min.,  the  60- 
cycle  induction  motor  is  at  a  considerable  disadvantage  com- 
pared with  25  cycles,  or  this  has  been  the  case  in  the  past.  It 
is  p^tly  for  this  reason  that  the  steel  mill  industry,  through  its 
electrical  engineers,  adopted  25  cycles  as  standard  some  ten  or 
fifteen  years  ago.  At  that  time,  it  was  considered  that  in  mill 
work,  in  general,  there  would  be  need  for  very  low-speed  motors 
in  very  many  cases.  However,  due  to  first  cost,  as  well  as  other 
things,  there  has  been  a  tendency  toward  much  higher  speeds  in 
steel  mill  work,  through  the  use  of  gears  and  otherwise,  so  that 
part  of  this  argument  has  been  lost.  However,  there  still  remain 
certain  classes  of  work  where  direct-connected  very  low-speed 
induction  motors  are  desirable  and  where  25  cycles  would  ap- 
pear to  have  a  distinct  advantage. 

In  view  of  the  above  considerations,  steel  mill  work  has  hereto- 
fore gone  very  largely  toward  25  cycles,  particularly  where  the 
mills  installed  their  own  power  plants.  HowevBr,  in  recent 
years  there  has  been  a  pronounced  tendency  toward  purchase  of 
power,  by  steel  mills,  from  central  stations,  and  the  previously 
described  tendency  of  central  stations  toward  60  cycles  has 
forced  the  situation  somewhat  in  the  steel  mills,  particularly  in 
tho§e  c^ses  wher^  the  central  power  supply  company  can  furnish 
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power  at  more  reasonable  rates  than  the  steel  mill  can  produce  in 
its  own  plant.  This,  therefore,  has  meant  a  tendency  toward  60 
cycles  in  steel  mill  work,  even  with  the  handicap  of  inferior  low- 
speed  induction  motors.  But,  on  the  other  hand,  remedies  have 
been  brought  forward  even  for  this  condition.  The  great  diffi- 
culty in  the  construction  of  low-speed,  60-cycle  induction  motors 
is  in  the  very  large  size  and  cost  if  constructed  for  normal  power 
factors,  or  the  very  low  power  factor  and  poor  performance  if 
constructed  of  dimensions  and  costs  comparable  with  25  cycles. 
In  the  latter  case  the  extra  cost  is  not  entirely  eliminated  because 
a  low  power  factor  of  the  primary  input  implies  additional  gener- 
ating capacity,  or  some  means  for  correcting  power  factor  on  the 
primary  system.  However,  in  some  cases  it  is  entirely  practi- 
cable to  correct  the  power  factor  in  the  motors  themselves  by  the 
use  of  so  called  "phase  advancers"  of  either  the  Leblanc  or  the 
Kapp  type.  Such  phase  advancers  are  machines  connected  in 
the  secondary  circuits  of  induction  motors  and  so  arranged  as  to 
furnish  the  necessary  magnetizing  current  to  the  rotor  or  second- 
ary instead  of  to  the  primary.  In  this  way  the  primary  current 
to  the  motor  will  represent  largely  energy  and  the  power  factors 
(Tan  be  made  equal  to,  or  even  much  better  than  in,  the  corre- 
sponding 25-cycle  motor;  or,  in  some  cases,  the  conditions  may 
be  carried  even  further  so  that  the  motor  is  purposely  designed 
with  a  relatively  poor  power  factor,  in  order  to  further  reduce  the 
size  and  cost,  and  the  phase  advancers  are  made  correspondingly 
larger.  In  those  cases  where  the  cost  of  the  phase  advancer  is 
relatively  small  compared  with  the  main  motor,  there  may  be  a 
considerable  saving  in  the  cost  of  the  main  motor  and  then  add* 
ing  part  of  the  saving  to  the  cost  of  the  phase  advancer. 

One  difficulty  in  the  use  of  phase  advancers  is  found  in  the 
variable  speeds  required  in  some  kinds  of  mill  work.  In  those 
cases  where  flywheels  driven  by  the  main  motors  are  desirable 
to  take  up  violent  fluctuations  in  load,  it  is  necessary  to  have 
considerable  variations  in  the  speed  of  the  induction  motor,  in 
order  to  bring  the  stored  energy  of  the  flywheel  into  play. 
Unfortunately  this  variable  speed  in  the  induction  motor  is  one 
of  the  most  difficult  conditions  to  take  care  of  with  a  phase 
advancer,  so  that  here  is  a  condition  where  the  60-cycle  motor 
is  at  a  decided  disadvantage. 

Thus  it  may  be  seen  from  the  above  that  even  in  the  steel 
mill  field,  where  the  induction  motor  has  the  most  extreme  appli- 
cations, there  is  quite  a  strong  tendency  toward  60  cycles,  due 
to  the  pturchase  of  power  from  central  supply  systems. 
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There  remains  one  more  important  element  which  has  had 
something  to  do  with  the  tendency  toward  60  cycles,  namely, 
the  transmission  problem.  In  the  earlier  days  of  transmission 
of  alternating  current,  25  cycles  was  considered  very  superior 
to  60  cycles  due  to  the  better  inherent  voltage  regulation  con- 
ditions. At  one  time,  it  was  thought  that  60  cycles  had  a  very 
limited'  field  for  transmission  work.  However,  a  nu^nber  of 
power  companies  in  the  far  west  had  installed  6Q-cycle  plants, 
principally  for  local  service  and  with  the  growth  of  these  plants 
came  the  necessity  for  increased  distance  of  transmission  through 
development  of  water  powers.  At  first  it  was  thought  they  were 
badly  handicapped  by  the  frequency,  but  gradually  the  apparent 
disadvantages  of  their  systems  were  overcome  and  the  distances 
of  transmission  were  extended  until  it  became  apparent  that 
they  could  accomplish  practically  the  same  results  as  with  25 
cycles.  Part  of  this  result  has  been  obtained  by  the  use  of 
regulating  synchronous  condensers.  It  is  a  curious  fact  that 
the  possibility  of  synchronous  motors  used  as  condensers  for 
correction  of  disturbances  on  transmission  systems,  has  been 
known  for  about  25  years,  but  it  is  only  within  quite  recent  years 
that  they  have  come  into  general  use  as  a  solution  of  the  trans- 
mission problem,  and  largely  in  connection  with  60-cycle  plants. 
In  1893  the  writer  applied  for  a  patent  on  the  use  of  synchronous 
motors  as  condensers  for  controlling  the  voltage  at  any  point 
on  a  transmission  system  by  means  of  leading  or  lagging  currents 
in  the  condenser  itself.  A  broad  patent  was  obtained,  but  there 
was  no  particular  use  made  of  it  until  it  had  practically  expired. 

Another  improvement  came  along  which  still  further  helped 
to  advance  60  cycles  to  its  present  position,  namely,  the  use  of 
commutating  poles  in  synchronous  converters.  The  principal 
value  of  commutating  poles  in  the  60-cycle  converters,  has  not 
been  so  much  in  an  improvement  in  commutation  over  the  older 
types  of  machines,  as  in  allowing  a  very  considerable  reduction 
in  the  number  of  poles  with  corresponding  increase  in  speed, 
resulting  in  reduction  in  dimensions.  As  a  direct  result  of  this 
increase  in  speed  the  efficiencies  of  the  converters  have  been 
increased.  If,  for  instance,  the  speed  of  a  given  60-cycle  con- 
verter can  be  doubled  by  cutting  its  number  of  poles  to  one-half, 
while  keeping  the  same  pole  pitch  and  the  same  limiting  per- 
ipheral speed,  then  obviously  the  amount  of  iron  in  the  armature 
core  is  practically  halved  and,  at  the  same  magnetic  densities 
the  iron  loss  is  also  practically  halved.     Also  with  the  same 
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peripheral  speed  and  half  diameter  of  armature  the  windage 
losses  can  be  decreased  materially.  Thus  the  two  principal 
losses  in  the  older  converters  have  been  very  much  reduced. 
There  have  also  been  reductions  in  the  total  watts  for  field 
excitation,  and  in  other  parts,  so  that,  as  a  whole,  the  efficiency 
for  a  given  capacity  60-cycle  converter  has  been  brought  up  quite 
close  to  that  of  the  corresponding  25-cycle  machine,  even  when 
the  latter  is  equipped  with  commutating  poles.  This  gain  of 
the  higher  frequency  compared  with  the  lower  is  due  to  the 
fact  that  the  lower-frequency  machine  was  much  more  handi- 
capped in  its  possibilities  of  speed  increase,  and  furthermore, 
the  iron  losses  and  windage  represented  a  much  smaller  propor- 
tion of  the  total  losses  in  the  low-frequency  machine.  This 
improvement  in  the  efficiency  of  the  60-cycle  converter  together 
with  the  lower  losses  in  the  60-cycle  transformer  as  compared 
with  the  25-cycle,  has  brought  the  60-cycle  equipment  almost 
up  to  the  25-cycle,  so  that  the  difference  at  present  is  not  of 
controlling  importance.  This  development  has  given  further 
impetus  toward  the  acceptance  of  60  cycles  as  a  general  system. 

Formerly  a  serious  competitor  with  the  60-cycle  converter 
was  the  60-cycle  motor-generator.  This  was  installed  in  many 
cases  because  it  was  considered  more  reliable  and  more  flexible 
in  operation  than  the  synchronous  converter.  Both  of  these 
claims  were  true  to  a  certain  extent.  However,  with  improve- 
ments in  the  synchronous  coverter  the  difference  in  reliability 
practically  disappeared,  but  there  remained  the  difference  in 
flexibility.  In  the  motor-generator  set,  the  d-c.  voltage  could 
be  varied  over  quite  a  wide  range,  while  in  the  older  60-cycle 
rotaries  the  d-c.  voltage  held  a  rigid  relation  to  the  alternating 
supply  voltage.  However,  with  the  development  and  perfection 
of  the  synchronous  booster  type  of  converter,  flexibility  in 
voltage  was  obtained  with  relatively  small  increase  in  cost  and 
minor  loss  in  economy.  This  has  been  the  last  big  step  in  putting 
the  60-cycle  converter  at  the  front  as  a  conversion  apparatus, 
so  that  today  it  stands  as  the  cheapest  and  most  economical 
method  of  converting  alternating  current  to  direct  cturent. 
Moreover,  while  the  25-cycle  synchronous  converter  has  appar- 
ently reached  about  its  upper  limit  in  speed,  there  are  still 
possibilities  left  for  the  60-cycle  converter. 

In  line  with  the  above  it  is  of  interest  to  note  that  for  units  of 
1000  kw.  and  less,  the  60-cycle  converter  has  nearly  driven  the 
25-cycle  out  of  business  from  the  manufacturing  standpoint. 
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For  the  very  large  size  converters,  25  cycles  still  has  the  call, 
but  largely  in  connection  with  many  of  the  railway  and  three- 
wire  systems,  which  have  been  installed  for  many  years;  that  is, 
the  growth  of  this  business  is  in  connection  with  existing  genera- 
ting systems.  However,  the  60-cycle  converter,  in  large  capacity 
units,  is^  gaining  ground  rapidly  and  it  is  of  interest  to  note  that 
the  largest  converters  yet  built,  namely,  5800  kw.,  are  of  the 
60-cycle  type. 

One  most  interesting  point  may  be  brought  out  in  connection 
with  the  above  described  **battle  of  the  frequencies'*,  namely, 
it  was  fought  out  in  the  operating  field,  and  between  conditions 
of  service,  and  not  between  the  manufacttiring  companies. 
This  is  a  very  good  example  of  how  such  matters  should  be 
handled.  Here  the  engineers  of  the  manufacturing  companies 
were  expending  their  efforts  to  get  all  possible  out  of  both 
frequencies,  an4  consequently  development  proceeded  apace. 
When  60-cycle  frequency  seemed  to  be  overshadowed  by  its 
25-cycle  competitor,  the  engineers  took  a  lesson  from  the  latter 
and  proceeded  to  overcome  the  shortcomings  of  the  former. 
It  was  no  innate  preference  of  the  designing  engineers  that  has 
brought  the  higher  frequency  to  the  fore;  it  was  the  recognition 
ihat  it  had  greater  merits  as  a  general  system,  if  its  weak  points 
could  be  sufficiently  strengthened;  and,  therefore,  the  engineers 
turned  their  best  efforts  toward  accomplishing  this  result. 

It  must  not  be  asstmied,  for  a  moment  even,  that  because  60 
cycles  appears  to  be  the  future  frequency  in  this  country,  that 
25  cycles  was  a  mistake.  Decidedly  it  was  not.  In  reality  it 
formed  a  most  important  step  toward  the  present  high  develop- 
ment of  the  electric  industry.  Many  things  we  are  now  ac- 
complishing with  60  cycles  would  possibly  never  have  been 
brought  to  present  perfection,  if  the  success  of  the  corresponding 
25-cycle  apparatus  had  not  pointed  the  way.  The  success  of 
the  25-cycle  converter,  and  the  high  standard  of  operation  at- 
tained, gave  ground  for  belief  that  practically  equal  results  were 
obtainable  with  60  cycles.  Therefore,  the  25-cycle  frequency 
served  a  vast  purpose  in  electrical  development;  it  was  a  high 
class  pacemaker,  and  it  isn't  entirely  out-distanced  yet. 

There  has  been  considerable  speculation  as  to  what  two  stand- 
ard frequencies  would  have  met  the  needs  of  the  service  in  the 
best  manner,  and  would  have  resulted  in  the  greatest  develop- 
ment in  the  end.  It  has  been  claimed  by  some,  that  50  and  26 
cycles  would  have  been  better  than  60  and  25.     In  the  earlier . 
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days  possibly  the  former  would  have  been  better,  but  as  a  result 
both  standards  might  have  persisted  longer.  In  any  case,  the 
general  advantages  would  have  been  small.  In  one  class  of  ma- 
chines, namely,  frequency  changers,  consisting  of  two  alternators 
coupled  together,  the  25-50  combination  would  certainly  have 
been  advantageous. 

Again  it  has  been  questioned  whether  30  and  60  cycles  would 
not  have  been  a  better  choice.  This  was  the  original  Westing- 
house  choice  of  frequencies,  but  not  on  account  of  frequency 
changers.  As  stated  before,  it  was  felt  that  30  cycles  could  do 
about  all  that  25  cycles  could,  and  would  give  an  advantage  of 
20  per  cent  higher  speed  in  motors  and  converters,  with  corre- 
spondingly higher  capacities.  Also  for  direct  coupled  alterna- 
tors, the  two-to-one  ratio  of  frequencies  would  fit  in  nicely  with 
engine  speeds,  in  many  cases.  Possibly,  from  the  present  view- 
point, the  choice  of  thirty  cycles,  would  have  longer  retained  the 
double  standard. 

Something  further  may  be  said  regarding  the  40-cycle  system, 
brought  out  by  the  General  Electric  Company.  This  contained 
many  very  good  features,  for  the  time  it  was  brought  out.  It 
was  then  believed  that  if  the  60-cycle  frequency  was  retained, 
the  double  standard  was  necessary.  The  40-cycle  system  was 
an  attempt  to  eliminate  this  double  standard.  It  apparently 
furnished  a  better  solution  than  60  cycles  then  promised  for  the 
synchronous  converter  problem,  and  was  a  fair  compromise  in 
about  everything  else.  But  it  came  too  late,  for  the  25-cycle 
system  was  too  firmly  entrenched,  and  for  further  development, 
the  designing  engineers  preferred  to  expend  their  energies  in 
seeing  what  could  be  accomplished  with  60  cycles,  as  this  seemed 
to  present  greater  possibilities  than  either  25  or  40,  if  it  could  be 
sufficiently  perfected.  Thus  the  40-cycle  system  probably 
missed  success  due  to  being  just  a  little  too  late. 

As  to  50  cycles,  it  was  stated  that  this  is  still  in  use  to  a  limited 
extent.  Most  of  the  50-cycle  plants  in  this  country  are  in  Cali- 
fornia. Such  plants  were  started  during  the  nebulous  period  of 
the  frequencies,  and  have  persisted,  to  a  certain  extent,  partly 
because  certain  60-cycle  apparatus  could  be  easily  modified  to 
meet  the  50-cycle  requirements.  Also,  as  50  cycles  is  the 
standard  in  many  foreign  countries  to  which  this  country  exports 
equipment,  the  use  of  50  cycles  in  some  home  plants  has  not  been 
unduly  burd^sojne  from  the  manufacturers'  standpoint. 

In  addition  t^o  (h^  preceding,  there  have  been  certain  classes 
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of  electric  service  which  have  depended  upon  frequency,  but 
which  have  not  been  a  determining  factor  in  fixing  any  par- 
ticular frequency.  Among  these  may  be  considered  commutat- 
ing,  types  of  a-c.  apparatus.  The  first  a-c.  commutating  mo- 
tors of  any  importance,  which  appeared,  were,  of  course,  the  25- 
cycle,  single-phase  railway  motors.  These  as  a  rule  have 
operated  from  their  own  generating  plants,  or  from  other  plants 
through  frequency-converting  machinery.  One  exception  in  the 
railway  work  may  be  noted  in  the  use  of  15  cycles  on  the  Visalia 
plant  in  California.  There  is  a  pretty  well  defined  opinion  among 
certain  engineers  experienced  in  such  apparatus  that  some  low 
frequency,  such  as  15  cycles,  would  present  very  considerable 
advantages  in  the  use  of  single-phase  railway  motors  in  very 
heavy  service,  such  as  on  some  of  the  western  mountain  roads. 
Here  the  problem  is  to  get  the  largest  possible  motor  capacity 
on  a  given  locomotive,  and  the  main  advantage  of  the  lower  fre- 
quency would  be  in  allowing  a  very  materially  higher  capacity 
within  a  given  space.  This  does  not  imply  reduced  weight  or 
cost  compared  with  the  25  cycles,  but  simply  means  greater  motor 
capacity.  With  the  modem,  more  highly  developed,  single- 
phase  types  of  railway  motors,  it  would  appear  that  there  may  be 
very  considerable  possibilities  in  15  cycles. 

Outside  of  the  railway  field,  there  hsis  been  more  recently  a 
development  of  various  types  of  a-c.  commutating  apparatus, 
principally  in  connection  with  heavy  steel  mill  electrification 
work.  Such  apparatus  has  been  largely  in  the  form  of  three- 
phase  commutating  machines  and  these  have  been  used  prin- 
cipally in  connection  with  speed  control  of  large  induction  mo- 
tors. As  these  regulating  machines  are  usually  connected  in  the 
secondary  circuits  of  induction  motors,  the  frequency  supplied  is 
represented  by  the  slip  frequency.  Consequently  where  the  slip 
frequency  never  rises  to  a  large  percentage  of  that  of  the  primary 
system,  such  commutating  motors  are  applicable  without  undue 
difficulties.  Such  motors,  presxunably  are  better  adapted  for 
25-cycle  mill  equipments  than  for  60-cycle,  but  due  to  the  ten- 
dency, already  described,  for  steel  mills  to  go  to  60  cycles  on  pur- 
chased power,  it  has  been  necessary  to  build  these  three-phase 
commutating  motors  for  the  regulation  of  60-cycle  main  motors, 
in  many  cases. 

There  is  still  another  class  of  service,  which  has  come  in  re- 
cently, where  the  choice  of  frequency  is  of  much  importance, 
but  where  there  is  no  great  necessity  for  adhering  to  any  standard, 
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namely,  in  heavy  ship  propulsion  by  electric  motors.  As  each 
ship  equipment  is  a  complete  system  in  itself,  and  as  it  cannot  tie 
up  with  other  systems,  there  is  not  any  controlling  need  for  main- 
taining any  definite  frequency  or  voltage.  Except  in  similar 
vessels,  there  is  little  chance  for  duplication  in  parts,  as  the 
various  equipments  vary  so  much  in  size  and  capacity.  In  conse- 
quence it  has  been  found  advisable,  at  least  up  to  the  present 
time,  to  design  each  propulsion  equipment  for  that  frequency 
which  best  suits  the  generator  and  motor  speeds,  taking  into  ac- 
count the  various  operating  conditions  and  limitations,  such  as 
the  different  running  speeds,  steaming  radius,  etc.  In  conse- 
quence, different  maufacturers  bidding  on  such  equipments 
may  specify  different  frequencies,  depending  upon  the  construc- 
tional features  of  their  particular  types  of  apparatus.  At  the 
present  time  with  the  relatively  small  amount  of  experience  ob- 
tained with  the  electrical  propulsion  of  ships,  it  looks  as  if  it 
would  be  a  considerable  handicap  to  attempt  to  adopt  some 
standard  frequency  for  all  service.  Later,  with  wide  experience, 
it  may  be  possible  to  adopt  some  compromise  frequency,  which 
will  not  unduly  handicap  any  of  the  service. 

Conclusion 
It  has  been  the  writer's  intention  to  show  that,  as  a  rule,  the 
choice  of  frequency  has  been  a  matter  of  most  serious  considera- 
tion, based  upon  service  conditions  at  the  time.  Moreover,  in 
view  of  the  wide  range  of  conditions  encountered,  it  is  surprising 
how  few  frequencies  have  been  seriously  considered  in  this  coun- 
try. Occasion  has  arisen,  times  without  number,  where  an 
obvious  solution  of  a  given  problem  would  lie  in  modification 
of  the  frequency  to  allow  the  use  of  apparatus  and  equipment 
already  designed,  but  the  engineers  of  the  manufacturing  or- 
ganization have  steadily  held  out  against  such  policy,  regardless 
of  the  apparent  need  of  the  moment.  The  swing  of  the  pendulum 
from  60  cycles  to  25  cycles  and  back,  has  covered  a  period  of 
many  years  and,  therefore,  cannot  be  considered  as  a  fad  of  the 
moment,  but  is  the  result  of  well  defined  tendencies,  backed  by 
the  best  engineering  experience  available.  As  a  rule  no  manu- 
facturer has  made  any  particular  frequency  his  ''pet,'*  but  all 
have  worked  to  develop  each  system  to  its  utmost. 


Digitized  by 


Googh 


86  FREQUENCIES  [Jan.  18 

Discussion  on  "The  Technical  Story  of  the  Frequencies*' 
(Lamme),  Washington,  D.  C,  January  18,  1918. 

H.  B.  Brooks:  Mr.  Lamme's  instructive  paper  appeals 
strongly  to  those  of  us  who  have  followed  the  development  of 
the  a-c.  art  from  the  beginning. 

In  addition  to  the  early  frequencies  of  133  and  125  cycles, 
I  recall  that  the  Slattery  a-c.  system,  made  by  the  Fort  Wayne 
Jenney  Electric  Light  Co.,  was  operated  at  140  cycles.  That 
was  the  day  of  the  "system;"  each  inventor  who  designed  an 
alternator  felt  in  duty  bound  to  design  a  complete  system, 
including  generators,  transformers,  station  instrtmients,  switches, 
cutouts,  sockets,  and  in  some  cases  the  lamps  also. 

Mr.  Lamme  has  not  referred  to  the  attempt  which  was  made 
at  an  early  stage  of  the  art  to  limit  the  frequency  to  a  single 
value,  namely,  zero.  I  refer  to  a  rather  short  but  bitter  attempt 
by  the  advocates  of  d-c.  distribution  to  have  the  alternating 
current  outlawed  on  the  ground  of  its  alleged  great  risk  to  life. 

It  may  be  of  interest  to  glance  at  the  frequency  situation 
abroad.  In  Italy,  which  is  poor  in  coal  but  rich  in  water  power 
five  frequencies  are  in  use,  of  which  42  cycles  is  in  the  lead, 
with  50  cycles  a  close  second.  Around  Rome,  46  cycles  is 
used,*  and  there  are  also  some  16  and  26-cycle  installations 
throughout  the  country.  The  Italian  Electrotechnical  Asso- 
ciation is  planning  a  campaign  to  standardize  frequencies. 

London  is  probably  the  worst  example  of  the  independent 
growth  of  small  detached  generating  systems  with  no  thought 
of  possible  future  interconnection.  Merz  and  McLellan  studied 
the  situation  and  made  a  report  in  1914  to  the  London  County 
Council,  from  which  it  appeared  that  there  were  in  the  central 
area  of  London  41  generating  stations  representing  31  systems 
and  8  frequencies.  The  report  advocates  the  adoption  of  50 
cycles  as  a  standard  frequency  for  London. 

In  contrast  to  the  medley  of  plants  and  frequencies  in  London, 
the  cities  of  Hamburg  and  Berlin  each  have  electric  supply 
from  a  single  company.  The  frequency  of  the  Berlin  system 
is  50  cycles.  The  business  in  Paris  is  practicaUy  all  in  the  hands 
of  a  single  company,  operating  at  25  and  42  cycles. 

A  single  standard  frequency  would  have  great  advantages. 
It  would  permit  the  interconnection  of  transmission  systems 
wherever  this  might  be  expedient.  This  question  of  intercon- 
nection is  an  important  one  in  England  at  the  present  time,  as 
the  demands  for  power  for  war  industries  have  overloaded  some 
systems  which  are  not  readily  able  to  tie  in  with  others  for  mu- 
tual assistance. 

A  standard  frequency  would  benefit  the  manufacturer  by 
reducing  the  number  of  designs,  patterns,  and  stock  of  gener- 
ators, transformers,  motors  and  meters.  The  user  would  benefit 
from  the  consequent  reduction  of  cost,  and  would  be  able  to 
move  equipment  from  one  locality  to  another  without  finding  it 
inapplicable  to  the  new  supply  conditions. 
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From  the  standpoint  of  export  trade,  it  would  be  desirable 
to  have  an  international  standard  frequency.  While  the  at- 
tainment of  this  ideal  appears  to  be  far  off,  it  is  a  matter  which 
may  well  be  kept  in  mind  by  the  national  engineering  societies 
and  the  International  Electrotechnical  Commission,  in  order 
that  so  far  as  possible  the  trend  of  standardization  in  the  different 
countries  may  be  along  converging  lines. 

I  would  like  to  ask  Mr.  Lamme  whether  the  higher  peripheral 
speeds  which  have  greatly  contributed  to  the  success  of  the 
eO-cycle  converter  are  made  possible  by  the  use  of  materials 
of  greater  tensile  strength,  or  by  improved  methods  of  utilizing 
the  materials  heretofore  available. 

B.  G.  Lamme:  The  improvements  have  been  almost  entirely 
in  the  design  of  the  machines.  We  are  using  piactically  the 
same  materials  that  were  used  in  the  older  machines,  but  we 
are  proportioning  the  parts  in  such  a  way  that  they  are  better 
sustained,  that  is,  we  know  more  about  the  stresses  and  how 
to  take  care  of  them. 

6.  S.  McCumber:  I  have  one  question  that  I  wanted  to 
ask.  Mr.  Lamme  referred  to  the  chief  disadvantage  of  the 
60-cycle  system,  I  asstune  that  he  intended  increased  voltage 
drop  and  the  lower  power  factor,  but  I  wanted  to  know  also 
whether  there  was  any  disadvantage  due  to  such  other  factors 
as  additional  difficulties  in  insulation,  corona  losses  or  anything 
of  that  kind. 

Also  one  other  question.  Reference  was  made  to  the  fact 
that  in  heavy  ship  propulsion  a  variable  frequency  system  was 
employed,  and  I  wonder  if  he  would  state  for  us  what  the  stand- 
ard frequencies  or  the  normal  range  frequencies  are  on  which 
that  system  was  based. 

Robert  Dalgleish:  Mr.  Lanmie  in  speaking  of  60-cycle  con- 
verters brings  to  my  mind  the  question  as  an  operating  engineer — 
the  problem  of  the  25-cycle  converter,  which  most  all  of  us  are 
now  using.  The  question  arises,  is  the  60-cycle  converter  in  the 
high  voltages,  such  as  600,  in  railway  operation  as  successful 
as  it  is  in  the  lighting  voltages;  and  is  the  possibility  of  the 
future  of  the  railway  tm-bo-generators — ^and  naturally  the  con- 
verter— to  be  60-cycle  instead  of  25?  I  can  appreciate  that  the 
companies  who  are  at  present  equipped  with  26-cycle  ttu-bo- 
generators  are  naturally  going  to  stick  to  that.  With  the  question 
of  future  installations,  where  the  installation  is  entirely  new, 
will  it  be  an  installation  of  60-cycle  or  25-cycle  ttu-bo-generators  ? 

Mr.  Hunt:  I  would  like  to  ask  Mr.  Lamme  what  the  present 
limit  of  size  of  the  60-cycle  rotary  converter  is,  and  what  are 
the  chief  limitations  in  design  that  makes  that  size  the  limit. 

B.  6.  Lamme:  Before  I  answer  any  of  the  questions  brought 
up,  I  want  to  bring  out  more  clearly  what  it  meant  to  the  manu- 
facturing companies  to  adhere  to  a  standard  frequency.  You 
may  not  appreciate,  unless  you  have  b^n  in  the  manufacturing 
business,  how  easy  it  is  to  change  the  frequency,  in  many  cases. 
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For,  instance  suppose  a  manufactuier  has  built  a  60-cycle, 
3300-volt  machine  at  150  r.  p.  m.  and  somebody  comes  along 
and  wants  a  lOO-r.  p.  m.,  2200- volt  machine  of  somewhat  less 
capacity.  The  60-cycle  machine  already  constructed  may  fit 
the  new  conditions  in  everjrthing  except  frequency.  If  a  fre- 
quency of  40-cycles  would  be  acceptable,  then  the  old  machine 
could  be  used  without  any  change,  but  it  would  introduce  a 
special  frequency.  Thousands  of  cases  have  come  up  where  we 
could  take  some  existing  machine  and  meet  the  customer's 
condition,  if  it  were  not  for  the  frequency.  I  have  seen  many 
cases  where  an  existing  machine  was  all  right  to  meet  new  con- 
ditions except  that  it  would  have  two  poles  too  many  or  too 
few,  and  it  looked  so  easy  to  make  a  minor  change  in  the  fre- 
quency instead  of  in  the  machine.  In  such  cases,  however,  if 
the  customer  could  not  change  his  speed  conditions,  the  manu- 
facturer would  change  his  design  rather  than  modify  the  fre- 
quency. 

There  has  been  an  enormous  amount  of  money  spent  in  making 
such  changes,  but  the  engineers  of  the  manufacturing  companies 
feel  that  they  have  really  spent  less  money  in  making  them 
than  they  would  have  spent  in  the  end  if  they  had  allowed 
changes  in  frequency;  for  every  change,  no  matter  how  small, 
means  confusion  in  the  end.  The  engineers  of  the  manufactur- 
ing companies  have  been  stubborn  on  that  matter  and  for  a 
good  reason.  That  is  why  we  have  had  so  little  variation  in 
the  frequencies  in  this  country. 

It  has  been  asked  whether  the  60-cycle  converter  in  the  higher 
voltages,  such  as  600  for  railway  service,  is  as  successful  as  it  is 
in  the  lighting  voltages.  In  reply  to  this  I  will  say  that,  as 
the  tendency  for  the  last  few  years  has  been  largely  toward  60 
cycles  in  new  plants,  which  may  be  called  upon  to  handle 
railway  service  as  well  as  lighting,  it  has  been  necessary  to 
develop  the  60-cycle  converter  for  600-volt  railway  service  up 
to  the  point  where  it  compares  quite  favorably  with  similar 
25-cycle  machines.  This  is  indicated  by  the  fact  that  below 
1000-kw.  capacities  there  is  but  relatively  small  business  in 
25-cycle  converters;  whereas,  there  is  quite  a  good  business 
in  60  cycles.  Above  1000  kw.  there  is  a  very  strong  tendency 
also  toward  the  60-cycle  converter.  In  fact,  while  the  25-cycle 
rotary  converter  business  is  quite  large  in  the  units  above 
1000  kw.,  yet  such  machines  are  sold  very  largely  to  25-cycle 
plants  already  installed,  or  to  extensions  of  such  plants. 

As  to  the  limit  of  capacity  for  which  60-cycle  converters  can 
be  built,  one  answer  is  that  the  real  limit  is  in  the  pocketbook 
of  the  customer.  Such  machines  can  be  built  of  almost  any 
capacity,  if  there  is  a  demand  for  them.  We  could  make  10,000- 
kw.,  60-cycle  converters  today,  if  anybody  wanted  them,  just 
as  we  could  make  10,000-kw.,  25-cycle  machines.  The  largest 
60-cycle  converter  is  of  about  5500  kw.  compared  with  4000  kw. 
for  25  cycles.     Therefore,  the  60  cycle  is  already  ahead  of  the 
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25  cycle,  as  far  as  maximum  capacity  is  concerned;  but  from 
the  quantitative  standpoint  the  large  25-cycle  converters  are 
still  ahead  because  there  were  so  many  26-cycle  generating 
plants  installed  in  the  past  entirely  for  railway  work  through 
rotary  converters. 

As  to  Mr.  McCumber's  questions  regarding  the  relative 
disadvantages  of  voltage  drop,  insulation  difficulties,  corona 
losses,  etc.,  in  60-cycle  transmission,  I  will  say  that  I  am  not  an 
authority  on  transmission  difficulties,  but  I  understand  that 
all  the  above  troubles  were  quite  serious  in  the  early  days,  and 
that  much  doubt  was  expressed  regarding  the  possibilities  of 
maintaining  satisfactory  voltage  conditions  at  the  end  of  a 
60-cycle  line.  Apparently  they  feared  poor  regulation  more 
than  any  other  feature.  Possibly  some  of  the  difficulties  in  the 
early  times  worried  the  engineers  more  in  the  prospect  than  in 
the  realization,  for,  apparently,  when  they  came  to  operate  such 
60-cycle  lines,  they  did  not  have  as  much  trouble  as  was  expected 
and  the  regulation  trouble  was  overcome  in  a  number  of  cases 
by  the  addition  of  synchronous  condensers. 

I  remember,  not  so  many  years  ago,  that  all  of  us  pitied  the 
Califomians,  for  their  adoption  of  60  cycles  as  a  general  standard, 
in  transmission  work.  It  was  thought  that  they  had  made  a 
serious  mistake,  but  now  they  are  right  in  line,  although  they 
probably  didn't  foresee  it.  They  had  committed  themselves  to 
60  cycles  and  they  couldn't  very  well  change. 

As  to  the  basic  frequency  used  for  ship  propulsion,  as  such 
are  variable  frequency  systems,  it  may  be  said  that  there  is 
no  definite  frequency  except  for  the  highest  speed  which  the 
apparatus  will  stand.  A  number  of  the  battleship  equipments 
have  used  35  cycles  for  the  full  speed  condition  with  variation 
from  this  down  to  half  value  or  even  less.  On  some  of  the  other 
vessels  as  high  as  50  and  60  cycles  are  used.  The  choice  of 
frequency  has  been  largely  dependent  upon  the  motor-speed 
combinations  required. 
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CORONA  TESTS  AT  HIGH  ALTITUDE 


BY  B.  P.  JAKOBSBN 


Abstract  of  Paper 

This  paper  describes  some  corona  tests  which  were  made  in 
Peru  on  a  70- mile  transmission  line  located  at  an  average  altitude 
of  13,300  feet.    The  voltages  range  from  40,000  to  about  72,000. 

The  method  employed  in  the  tests  is  described  and  the  calcula- 
tions are  given.  The  corona  losses  were  found  bv  subtracting  the 
core  and  copper  losses  of  the  transformers  and  the  line  copper 
losses  due  to  the  line  charging  currents  from  the  total  loss 
measured.  Core-loss  tests  were  made  on  the  transformers  in 
order  to  check  these  against  the  shop  tests.  The  highest  voltage 
experimented  with  was  72,300  when  a  corona  loss  of  153  kw.  was 
found,  or  a  little  over  two  kw.  per  mile  of  line. 

The  results  arie  compared  to  "Peek's  law"  and  a  wide  diver- 
gence found,  amounting  to  over  800  per  cent  at  about  66,000 
volts  and  a  loss  of  58  kw. 

Close  correspondence  is  found  between  these  tests  and  those 
made  by  Paccioli  on  the  Shoshone-Leadville  line,  and  the 
equation  of  the  loss-voltage  curve  obtained  is  the  same  as  was 
established  bv  Paccioli,  and  shows  this  relation  to  be  logarithmic 
and  not  quadratic  for  the  voltage  range  investigated. 

It  is  shown  that  the  results  are  in  good  agreement  with  the 
formulas  deduced  by  Professor  Ryan  from  extensive  laboratory 
tests. 

Finally  test  data  are  given  for  a  test  made  during  rainy 
weather  and  this  shows  no  appreciable  difference  from  tests  made 
during  fair  weather. 


INTRODUCTION    BY   PRANK   G.   BAUM 

There  has  been  installed  in  Peru  under  the  writer's  direction  a 
hydroelectric  plant  having  about  120  mi.  (193.1  km.)  of  trans- 
mission line,  running  from  12,000  to  14,000  ft.  (3,657.6  to 
4,267.2  m.)  elevation,  with  most  of  the  line  at  about  13,000  ft.. 
(3,962.4  m.). 

I  considered  this  an  excellent  opportunity  to  make  some  actual 
corona  tests  at  high  altitude,  as  these  would  be  of  value  to  the 
profession.  The  results  are  shown  in  the  report  of  a  test  on  68.4 
mi.  (110  km.)  of  three-phase  line  by  Mr.  B.  F.  Jakobsen,  elec- 
trical engineer. 

The  results  are  encouraging,  in  that  the  actual  losses  are 
less  than  expected,  and  as  this  fact  influences  to  some  extent 
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the  size  of  wire  to  be  chosen,  it  is  seen  that  the  matter  is  of  prac- 
tical importance  to  the  electrical  profession. 

Probably  there  is  no  line  which  has  more  severe  lightning 
conditions  than  this  one.  And  no  doubt  the  high  altitude  and 
consequent  light  air  pressure  allows  atmospheric  discharges  that 
would  not  occtir  at  lower  altitudes  for  the  same  cloud  potential 
conditions,  for  the  same  reasons  that  we  have  corpna  at  high 
altitude  for  less  voltage  than  at  low  altitude. 

While  not  directly  related  to  corona  it  may  be  of  interest  to 
know  that  the  transmission  has  been  freer  from  lightning  troubles 
than  anticipated.  One  line  about  90  mi.  (144.8  km.)  long  is 
operated  at  44,000  volts,  Y-grounded,  (this  line  was  formerly 
delta  operated  as  mentioned  in  the  test  report)  and  another 
line  about  20  mi.  (32.1  km.)  long  is  operated  25,000  volts,  delta- 
ungrounded.  Aluminum  lightning  arresters  and  horn  gaps 
are  used.  The  Y  line  is  more  free  frpm  lightning  troubles  than 
the  delta  line,  but  the  amoimt  of  trouble  on  either  line  has  been 
almost  negligible. 


AT  THE  request  of  Mr.  Frank  G.  Baum  of  San  FranciscD 
some  corona  tests  were  made  in  April  1914  in  Peru,  South 
America  on  a  newly  constructed  transmission  line.  The  tests 
were  made  on  that  part  of  the  line  which  runs  from  the  power 
house  at  Oroya  (12,250  ft.  or  3,733.8  m.  elevation)  to  the  smelter 
substation  at  La  Fundicion  (about  14,000  ft.  elevation),  see 
profile  Fig.  1. 

Several  tests  were  made  at  frequencies  near  normal  (60  cycles) 
and  as  these  tests  gave  practically  identical  results,  only  two 
are  given  herewith,  one  for  fair  weather  and  one  for  rainy 
weather. 

A  frequency  of  61.1  cycles  was  chosen  as  this  was  the  highest 
at  which  the  water-wheels  could  be  operated  under  control  of 
their  governors. 

Power  Plant  Data,  At  the  power  plant  there  are  three  5000- 
h.p.  generating  units,  each  consisting  of  two  impulse-type 
waterwheels  direct  connected  to  one  60-cycle,  2300-volt,  3-phase 
star-connected,  ungrounded-neutral  generator.  For  each  gen- 
erating unit  there  is  provided  three  1000-kv-a.  2300 — 55,000- 
volt  transformers,  connected  in  delta  on  both  sides.  All  instru- 
ment transformers  were  in  the  2300-volt  leads  between  the 
generators  and  the  transformers. 
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Transmission  Line  Data.  The  line  consists  of  two  three-phase 
circuits  of  No.  1  B.  &  S.  stranded  copper  wire  and  a  grounded 
steel  cable  J^  in.  (6.3  mm.)  diameter,  carried  on  one  steel-pole 
line  and  arranged  as  shown  in  Fig.  2.  Each  circuit  was  given 
two  complete  transpositions  between  Oroya  and  La  Fundicion 
and  the  distance  from  Oroya  to  La  Fundicion  along  the.  line  is 
68.4  mi.  (110  km.)  and  the  normal  operating  voltage  is  44,000. 

The  line  constants^  are  as  follows: 
Resistance  of  one  wire,  68.4  mi.  at  20  deg.  cent ....         46 . 2 

Reactance  of  one  wire,  68.4  mi.  at  61.1  cycles 54. 6 

Impedance  of  one  wire,  68.4  mi 71 . 6 

Susceptance  of  one  wire,  68.4  mi.  and  61.1  cycles. .    387X10"* 

One  unit  only  was  used  in  these  tests,  but  during  all  the  tests 
about  2500  kw.  at  a  power  factor  of  about  0.6*  was  carried  on 
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Pig.  1 — Profile  of  Line,  Oroya  to  La  Fundicion 


one  of  the  other  imits  and  transmitted  to  the  smelter  substation 
over  one  of  the  two  circuits. 

Transformer  Data,  The  name  plates  of  the  transformers  had 
been  lost  and  the  shop-test  data  could  therefore  not  be  applied 
to  each  transformer.  The  resistance  of  the  three  high-tension 
windings  in  series  was  measured  at  21  deg.  cent,  with  a  Wheat- 
stone  bridge,  and  the  average  taken.  The  resistance  of  the  low- 
tension  windings  was  taken  as  the  average  of  the  nine  transfor- 
mers from  the  shop  report,  as  the  Wheatstone  bridge  was  not 
adaptable  for  measuring  such  small  resistances.  The  impedance 
drop  was  assumed  equal  to  the  average  for  the  nine  transformers 
taken  from  the  shop-test  report,  as  it  could  not  readily  be 
measured   with   the   available   equipment.     The   average   im- 

1.  Trans.,  A.  I.  E.  E.  1911  Vol.  XXX.  Part  III,  p.  2264. 

2.  The  1500-h.p.  synchronous  motor  provided  at  the  smelter  substation 
to  improve  the  power  factor  was  not  ready  for  operation  when  the  tests 
were  made. 
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pedance  drop  at  60  cycles  is  4.105  per  cent;  assuming  2.105 
per  cent  for  the  high-tension  winding  and  2.0  per  cent  for  the 
low-tension  winding,  the  transformer  constants  at  21  deg.  cent, 
and  61.1  cycles,  with  2300 — ^55,000-volt  connection  and  ex- 
pressed on  the  high-tension  side,  are:  High-tension  winding: 

R  =  11.45;    X  =  62.6,  and  Z  =  63.6; 

Low-tension  winding: 

f  =  12.5;    X  =  56.65,  and  z  =  57.95 

Meters  and  Instrument  Transformers.  The  instruments  used 
were  standard  switchboard  instruments  furnished  with  the  Oroya 
switchboard  and  the  current  transformers  for  the  ammeter  and 
the  indicating  and  integrating  wattmeters  were  1200-5  amperes 


WStNl  Wlra  Ground* 


No.  1  B  &  S 
Stranded  Copper  V 


Fig.  2 — Arrangement  of  Wires  on  Transmission  Line 

ratio.  In  order  to  augment  the  readings  on  these  instruments, 
500-5-ampere  current  transformers  were  connected  in  series  with 
the  1200-5-ampere  current  transformers  on  the  2300-volt  side 
and  in  parallel  on  the  instrument  side,  thus  increasing  the  read- 
ings in  proportion  of  1  to  5.  No  power  factor  indicator  weis 
available. 

Method  of  Tests,  Before  starting  the. corona  tests,  a  test  was 
made  to  determine  the  transformer  exciting  current  and  the 
core  loss  for  the  range  of  voltages  and  frequencies  to  be  employed. 
In  this  test  the  generator  current  (equals  V  3  times  trans- 
former exciting  current),  generator  voltage,  kilowatts  and  fre- 
quency were  measured. 

For  the  corona  tests  these  same  quantities  were  measured  and 
the  corona  loss  obtained  by  subtracting  the  transformer  core 
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losses,  transformer  copper  losses  and  the  line  copper  loss  due  to 
the  charging  current  from  the  total  generator  output. 

Calcidations.    Fig.  3  shows  the  diagram  of  connections  and 
Fig.  4  the  corresponding  vector  diagram,  wherein: 

Eg  =  generator  voltage 

£i  =  transformer  core  voltage 

£l  =  line  voltage  at  generator  end 

leh  =  charging  current  per  wire 

Ico  =  corona  current  (equivalent  sine  value) 

/l  =  line  current  per  wire 

It  =  transformer  exciting  current 

Ig  =  generator  current 

all  expressed  on  the  high-tension  side  and  all  voltages  between 
wires. 


i-i.  f '?.  ^ 


Bt  V8  It 

Pig.  3  Fig.  4 

The  current  leo  due  to  corona  is  quite  small  in  all  these  tests; 
at  72.3  kv.  the  corona  loss  is  153  kw.  and  the  equivalent  sine 
current*  in  phase  with  the  voltage  is 

Ico  =  153  -5-  1.73  X  72.3  =  1.22  amperes 

The  corona  current  has  therefore  been  entirely  neglected  in 
the  computations. 

Referring  to  the  vector  diagram  Fig.  4,  the  line  charging 
current  is  very  nearly  90  deg.  out  of  phase  with  the  vol- 
tage* and  for  voltages  above  50  kv.  the  generator  current  due 

3.  See  oscillographs  by  Bennett,  A.I.E.E.,  Trans.,  Vol.  32,  p.  1787  and 
cydogram  by  Prof.  Ryan,  p.  1825  and  remarks  under  8  on  p.  1827,  Vol.  32. 

4.  At  72.3  kv.  the  charging  current  is  16.3  amperes  and  the  line  loss  for 

3  wires  —    ^^- — '•—  =  12.2  kw.  and  the  resulting  power  factor  0.0075 

and  angle  =  84*  20'.     For  smaller  voltages  this  power  factor  is  still 
smaller. 
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to  the  transformer  exciting  currents  is  very  nearly  90  deg.  out 
of  phase  with  the  generator  voltage,  see  Fig.  7.  The  generator 
current  dtiring  the  corona  test  is  also  nearly  90  deg.  out  of 
phase  with  the  generator  voltage  (the  current  leads),  except  for 
the  higher  voltages  when  the  generator  current  is  small,  (see 
Fig.  8)  as  the  line  current  and  V  3  times  the  transformer  exciting 
current  more  nearly  balance  each  other.  Since  also  the  trans- 
former reactances  are  several  times  larger  than  the  corresponding 
resistances,  and  the  drop  due  to  the  transformer  resistances, 
with  the  currents  involved,  is  comparatively  very  small  and  at 
right  angles  to  the  generator  voltage,  it  follows  that  the  vector 
relations  shown  in  Fig.  5,  may  be  sub- 
stituted for  those  shown  in  Fig.  4.  All 
this  simplifies  the  calculations  very 
materially  without  introducing  any  ap- 
preciable errors,  as  far  as  ciurent  and 
voltage  calculations  are  concerned. 

Formulas,   Line.   Neglecting  the  volt- 
age component  due  to  the  charging  cur- 
rent  and  the  line  resistance,   as   this 
component  is   very  nearly  90  deg.  out  of  phase  with  the  line 
voltage  and  comparatively  very  small.     Let 
Er  =  voltage  at  receiver  end  of  line,  when  the  current  at 
receiver  end  is  zero,  then* 

/^  =  ;^  6  (l  -  -^)  and  £.  =  -\^  =  ^'^^^  ^-       d) 


\- 


i« 


IH. 


Ii 


Fig  5 


h  —  line  susceptance  for  one  wire  and  voltage  to  neutral, 
X  =  line  reactance  for  one  wire; 

Combining: 


£l    X  6 


^^(-■^) 


('-^) 


la,  =  0.226  £l  amperes. 


(2) 


Line  Loss  Due  to  Charging  Current.    Assuming  the  charging 

current  per  unit  length  of  line  to  be  constant,  or  in  other  words, 

6.  Hagood,  A.  I.  E.  E.,  Trans..  Vol.  32.  p.  868.  '^"^ 
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that  the  current  on  the  line  is,  at  ^y  point,  directly  propor- 
tional to  its  distance  from  the  receiver  end  of  the  line,  then; 

i^  =  /«*  -^1  where  ich  =  charging  current  5  miles  from  the  re- 
ceiver end  of  the  line  and 
5     «=  total  length  of  line. 
7dk  =  line  charging  current  at  generator  end. 


/-f  i 


Loss  on  three  wires  =  3   |   /***— cT  -^  d  s  ^  1^*  X  r  (3) 


2.36  X  Et? 
1000 


kw. 


Voltage  rise  in  low-tension  transformer  windings: 

£1-  £^  =  /,  X  X  ■^  1.73  =  0.0327  J,  (4) 

Voltage  rise  in  high-tension  transformer  windings: 

£l  -  £i  «  /a  -ST  -*■  1.73  =  0.00816  Et  (6) 

In  (4)  and  (6)  all  voltages  are  in  kilovolts  and  for  leading 
currents. 

Power  loss  in  low-tension  transformer  windings: 

(7l)'^il^  =  0«125//  kw.    (6) 

Power  loss  in  high-tension  transformer  windings; 

^k^Wb"  0.686  EJ  +  1000  kw.     (7) 

Combining  (3)  and  (7),  the  loss  on  the  line  and  in  the  high- 
tension  windings  together  is 

2.945  Et?  -5-  1000  kw.     (8) 

Core  Loss  Test.  The  result  of  this  test  is  plotted  in  Fig.  7; 
the  relation  between  the  integrating  wattmeter  readings  and  the 
indicating  wattmeter  readings  is  plotted  in  Fig.  6.  The  indi- 
cating wattmeter  readings  have  been  corrected  as  per  curve  B 
Fig-  6  for  use  in  Pig.  7.    The  frequency  was  61.1  cycles. 
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Remarks  on  WaUmeUr  Accuracy.  As  already  stated  two  cur- 
rent transformers  with  different  ratios  were  in  series  on  the 
2300-volt  side  and  in  parallel  on  the  instrument  side.  Full 
rated  current  on  the  1200-5  ampere  current  transformers  is 
about  50  amperes  (on  the  high-tension  side)  and  12.5  amperes 
for  the  300-5  ampere  current  transformers. 

At  55  kv.  and  61.1  cycles,  the  core  loss  for  three  transformers  is 
(Fig.  7)  24.5  kw. ;  the  exciting  current  times  V  3  is  2.65  amperes. 

Three  times  the  average  core  loss  of  the  nine  transformers  at 
60  cycles  is  according  to  the  shop  test  report  21.94  and  the 
average  for  the  exciting  current  times  V"3  is  2.75  amperes. 
The  core  loss  for  the  nine  transformers  varies  between  a  minimum 
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of  6.9  kw.  and  a  maximum  of  7.81  kw.,  while  VF times  the  ex- 
citing current  varies  from  2.16  to  3.41  amperes. 

The  influence  of  the  frequency  upon  the  core  loss  may  be 
estimated  roughly,  as  follows: 

voltage  =  f  =  cj  B 

(9) 
core  loss  =  />  =  kfB^-^        J 

c  and  k  are  constants, 
/  «  frequency, 
B  =  magnetic  flux  per  unit  area  of  core,  and 

the  exponent  3.34  is  calculated  for  values  between  50  kv.  and  60 
kv.  from  Fig.  7,  by  assxmiing  that  the  core-loss  curv^e  in  Fig.  7 
follows  the  formula  p  =  kfB\ 


where. 
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Prom  (9)  it  is  fotind,  that  the  core  loss  at  61.1  cycles  is  about 
96.5  per  cent  of  the  core  loss  at  60  cycles;  the  core  loss  as  meas- 
ured was  24.6  kw.  at  61.1  cycles  and  would  accordingly  havfe 
been  25.4  kw.  at  60  cycles.  The  shop  tests*  give  for  the  three 
transformers  with  highest  core  loss  only  22.62  kw.  or  about  11 
per  cent  less  than  found  in  the  above  test. 

This  discrepancy  may  be  due  solely  to  the  instruments  and 
their  transformers  and  in  that  case  would  indicate  a  correction 
angle  of  about  40  min.  and  that  the  resultant  secondary  current 
of  the  current  transformers  lead  the  primary  current,  *.«.,  the 
generator  ciurent.^  In  this  case,  we  could  expect  wattmeter 
readings  about  11  per  cent  low  for  the  same  current  and  voltage, 
but  a  leading  current. 


2468        2468 
40  50  60  70 

TRANSFORMER  VOLTAGE  IN  KILOVOLTS 

Pig.  7 


However,  the  values  for  core  losses  given  in  the  shop  reports 
are  for  a  sine  form  of  the  e.m.f.  wave.  When  operating  on 
open  circuit,  the  generator  e.m.f.  waVe  is  practically  a  sine  ciu^e, 
but  when  the  transformers  are  connected  to  the  generator  and 
with  the  star-delta-delta  connection  used  here,  it  is  likely  that 
a  fifth  harmonic  in  excess  of  the  amount  demanded  by  the 
hysteresis  cycle*  appears  in  the  transformer  and  generator  ctu*- 
rents,  causing  a  fifth  harmonic  to  appear  in  the  e.m.f.  waves  with 
a  corresponding  flattening  of  the  voltage  crest*  and  a  corres- 

6.  The  shop  reports  give  (60  cycle,  55,000  volt) :— 7.07;  7.20;  6.90;  7.39; 
7.40;  7.81;  7.30;  7.41  and  7.325  kw.  respectively  for  the  nine  transformers 
in  the  Oroya  power  plant. 

7.  Robinson,  A.  I.  £.  E.,  Trans.,  Vol.  28,  page  1005. 

8.  Janet,  Lecons  d'electrotechnique  g6n6rale,  2  Ed.,  Vol.  2  p.  191. 

9.  Curtis,  A.I.E.E.,  Trans.,  Vol.  33,  p.  1273  and  Pigs.  10,  11  and  12. 
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ponding  increase  of  core  loss  for  the  same  effective  voltage.  If, 
as  a  limiting  value,  the  e.m.f.  wave  form  was  rectangtilar,  the 
core  loss  would  be  about  l.ll'**  or  51  per  cent  in  excess  of  the 
core  loss  for  a  sine  wave  with  the  same  effective  voltage  and  same 
frequency.^® 

TABLE  I.— CORONA  TEST.  61.1  CYCLES. 
"Corona  Test.  April  23rd  1914.  Test  started  at  1.45  p.m.  and  finished 
at  2.45  p.  m.;  temperature  at  Oroya  in  shade  outside  of  Power  House  was 
00^  fahr.  and  barometer  was  48.3  and  48.2  cm.  respectively  at  1.45  and 
2.45  p.  m.  Barometer  at  La  Pundicion  was  42.15  cm.  No  temperature 
was  taken  at  La  Pundicion.  but  may  safely  be  assumed  to  be  the  same 
as  at  Oroya.  Weather  at  Oroya  was  very  fair  with  bright  sun;  at  La 
Pundicion  sky  was  somewhat  overcast;  no  rain  at  any  place  along  the 
line,  as  far  as  known." 

(Values  given  for  high-tension  side  of  transformers.) 


Generator  volt- 

Generator cur- 

Indicating 

Integrating 

age  in  kv. 

rent  in  amperes 

wattmeter  kw. 

wattmeter  kw. 

40.5 

9.2 

11 

18.7 

43.0 

9.61 

14 

21.6 

45.5 

10.0 

16 

45.3 

9.97 

16 

24.9 

47.8 

10.24 

18 

47.3 

10.2 

18 

28.2 

50.1 

10.49 

22 

50.0 

10.48 

22 

33.5 

52.9 

10.58 

29 

52.8 

10.58 

30 

40.5 

55.1 

10.5 

37 

55.1 

10.5 

37 

47.9 

57.9 

10.2 

51 

60.0 

9.71 

64 

61  0 

62.1 

9.1 

78 

73.2 

64.5 

7.95 

108 

86.5 

66.9 

6.7 

140 

69.3 

5.1 

183 

71.6 

3.6 

237 

60.3 

5.15 

177 

66.9 

6.98 

135 

64.5 

8.;2 

105 

62.1 

9.24 

77 

59.7 

9.81 

64 

57.2 

10.29 

50 

55.1 

10.24 

41 

52.6 

10.58 

34 

50.3 

10.5 

28 

64.6 

7.7 

111 

126 

67.2 

6.31 

149 

149 

The  integrating  wattmeter  readings  were  calculated  from  the 
formula:  Kw.  =  11,520  R/T  where  R  is  the  revolutions  of 
aluminum  disk  for  T  seconds.  The  readings  were  taken  for  one 
revolution  of  disk  and  the  time,  varied  from  123  to  15.4  seconds 
and  was  taken  by  a  stop  watch. 

10.  KapptTransformatoren  f^  Wechselstrom  and  Drehstrom,  2  Ed.  p.  23. 
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Generator  volt- 

Generator  am- 

Indicating 

Integrating 

meter-volU 

meter-amperes 

wattmeter  read- 

wattmeter  read- 

ingt-kw. 

ings-Moonda 

1          84.8 

1100 

55 

123 

2          90.0 

1150 

70 

106 

,      /  95.3 
)   94.9 

1195 
1192 

80 
80 

92.2 

(100.0 
*      1  98.9 

1225 

90 

81.6 

1220 

90 

(105.0 
^      1104.7 

1254 

110 

68.6 

1252 

110 

\  110.8 

1265 

145 

56.6 

1265 

150 

-     / 115.6 
\  115.4 

1268 

186 

48.0 

1258 

185 

8         121.2 

1220 

255 

37.6 

9        125.7 

1163 

320 

31.4 

10         130.0 

1038 

390 

26.6 

11         135.0 

950 

540 

12         140.0 

800 

700 

13         146.0 

610 

915 

14        150.0 

430 

1185 

15        145.0 

'"    «15 

885 

10        140.0 

834 

675 

17        135.0 

970 

625 

18        130.0 

1105 

385 

19        125.0 

1176 

320 

20        119.8 

1230 

250 

21         115.5 

1255 

205 

22        110.3 

1265 

170 

23        105.3 

1257 

140 

24        135.6 

920 

655 

19.8 

26        140.8 

765 

746 

15.4 

•Measitfements  as  actually  taken  and  from  which  Table  I  was  derived. 
AU  readings  are  actual  instrument,  readings,  so  that  the  ammeter  and  wattmeter  readings 
ar«  to  be  multiplied  by  1/5  and  the  voltmeter  reading  by  20  in  order  to  obtain  actt:^al  values. 

From  Table  I,  the  values  plotted  in  Figs.  8  and  9  were 
calculated  by  the  formulas  given  previously. 

As  a  check  on  the  correctness  of  the  measurements,  the  cal- 
culated charging  current  is  shown  in  Fig.  8  as  the  straight  line 
and  the  points  are  the  meastired  generator  currents  plus  V~3 
times  the  transformer  exciting  currents  taken  from  Fig.  7  for 
the  corresponding  voltages.  The  agreement  betwseen  the  meas- 
ured values  and  the  calculated  currents  is  quite  good. 

Curve  A  in  Fig.  9  is  the  total  loss  measured;  the  integrating- 
meter  readings  have  been  used  without  correction,  but  the  indi- 
cating-wattmeter readings  have  been  corrected  according  to  curve 
in  Fig.  6,  where  the  integrating  and  indicating-wattmeter  read- 
ings are  plotted  against  each  other. 

This  was  done    because    the  integrating  meters  could  be 
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read  with  more  accuracy  and  also  because  it  was  assumed  that 
the  integrating  meters  would  measure  the  loss  more  accurately. 
When  the  indicating  meter  readings  were  accepted  as  ac- 
curate, it  was  fotmd  that  the  transformer  copper  and  core  loss 
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Fig.  8 

plus  the  line  charging  current  copper  loss  (ciuve  B  in  Pig.  9) 
exceeded  the  total  loss  (curve  A  in  Fig.  9  ),  for  the  voltages 
arotmd  40,000  volts.    And  this,  of  course,  is  impossible. 

Curve  B  in  Fig.  9  is  the  siun  total  of  all  the  losses,  except  the 
corona  loss,  calculated  from  the  test  and  the  given  formtdas. 
Curve  C  is  the  corona  loss,  the  difference  between  ciuve  A  'and  B. 

Comparison  of  Test  with  Published    Formulas.    A. — Peek's 
Law  of  Corona,  A.  I.  E.  E.,  Vol.  30,  p.  1894,  equation  (8). 
Wo  =  0.87;  go  =  21.1  kv.  eff.;  r  =  0.42  cm.;  5  =  183  cm.; 


Peek's  kw 

Line  kv. 

form.  (9) 

Curve  C  Fig.  9 

Ratio 

kw. 

kw. 

60.5 

0 

6.0 

64 

22 

9.6 

2.29 

58 

100 

17.5 

5.72 

62 

236 

31.5 

7.49 

60 

428 

57.5 

8.31 

70 

678 

105.5 

6.42 

72.3 

848 

153.0 

5.54 

b  «  45.93  (mean  value);  /  =  16.4  deg.  cent.;  5  =  3.92  X  45.93 
+  (273  +  16.4)  =  0.622;  distance  =  110  km.  £  =  voltage  be- 
tween  wires  in  kv. ;  then  for  this  line, 

P  «  1.78  (£-  50.5)*  kw.    (10) 
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The  original  test  data  were  submitted  to  Professor  Ryan  in 
June  1914  and  Pig.  9a  was  made  at  that  time  by  Pro- 
fessor Ryan.  The  close  agreement  between  the  two  curves 
suggested  further  analysis  of  the  losses  found  on  the  Oroya  Une 
and  these  are  given  below. 

Referring  to  Pig.  9a  Professor  Ryan  wrote: 

"In  Fig.  6,  page  342  of  the  A.  I.  E.  E..  1911,  Transactions  PacdoU 
gives  the  corona  losses  found  in  fair  weather  on  the  63-mi.  transmission 
from  Shoshone  to  Leadville  of  the  Central  Colorado  Power  Co.  at  an 
average  elevation  of  8500  ft.  and  a  maximum  of  12,000  ft.  This  line 
has  a  length  of  102  km.  while  the  Oroya-smelter  line  has  a  length  of  110 
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Fig.  9 

km.  The  Shoshone  line  developed  a  corona  loss  of  61.6  kw.  at  95.8  kv.; 
the  Oroya  line  55  kw.  at  65.6  kv.,  t.  e.  one-half  kilowatt  per  kilometer  in 
each  case.  For  the  purpose  of  comparison,  we  may  assume  that  corona 
was  definitely  started  at  this  amount  of  loss,  viz.:  one-half  kilowatt  per 
kilometer  of  line.  This  is  really  about  the  only  value  in  regard  to  corona 
formation  that  approaches  some  degree  of  definiteness  when  related  to 
voltage,  line  capacity,  barometer  and  temperature,  aside  from  the  fact 
that  the  amount  of  corona  loss  is  largely  dependent  upon  {E—  £')  rather 
than  Ef  wherein  E'  is  the  line  voltage  that  produces  a  corona  loss  of  one- 
half  kilowatt  per  kilometer  and  E  is  any  higher  line  voltage.  It  follows 
therefore,  that  the  corona  was  started  on  the  Shoshone  line  at  95.8 
—  65.8  «  30  kv.  higher  than  the  Oroya  line.  Other  things  being  equal, 
the  amount  of  corona  loss  is  due  to  the  amount  of  voltage  that  exceeds 
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corona  starting  voltage.     L6t  us  call  such  voltage  that  exceeds  corona 
starting  voltage,  Corona  Voltage.     Then  in  Pig.  9*i4 : 

I.  Oroya-smelter  transmission  corona  voltage  and  corona  loss;  length 
110  km.  average  elevation  13,300  ft.,  maximum  13,800  ft. 

II.  Shoshone- Leadville  transmission  corona  voltage  and  corona  loss; 
length  102  km.;  average  elevation  8500  ft.:  maximum  12,000  ft. 

I  have  mounted  also  the  corresponding  total  hne  voltages.  In  com- 
paring the  two  curves,  the  differences  in  length  of  lines  and  in  the  eleva- 
tions must  be  kept  in  mind.  We  know  how  to  allow  for  the  difference  in 
length  but  we  are  not  sure  that  we  know  exactly  how  to  allow  for  the 
differences  in  altitude.  Peek  came  to  the  conclusion  that  corona  loss  is 
•inversely  proportional  to  the  density  of  the  atmosphere.  Such  con- 
clusion is  reasonable.     The  corresponding  composite  factor  for  reducing 
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Losses 

Length                 Average                Average  Authority 

km.                 barom.  cm.           temp.  deg.  Jakobsen  report 

cent.  Apr.  27,  1914 

UO                       45.9                      16.4  Facdoli,  Trans. 

102                        62.0                        5.0  A.  LB.  B.,  1011 


Location  of 
Line 


Peru 

Colorado. 


the  Shoshone- Leadville  corona  loss  to  a  corona  loss  corresponding  to  the 
Oroya-smelter  altitude,  barometer  and  temperature,  thus  becomes  0.93. 
In  Pig.  9-A,  the  points  enclosed  with  small  circles  were  located  on  cor- 
responding ordinates  of  the  Shoshone- Leadville  corona  loss  curve  by 
means  of  the  proportional  dividers  set  at  0.93.  You  will  note  that  they 
are  in  close  agreement  with  the  corresponding  Oroya-smelter- transmission 
corona-loss  values.  Some  difference  in  the  forms  of  the  curves  must  exist 
because  of  the  differences  in  the  mountain  profiles  traversed  by  the  cor- 
responding lines.  Then,  too,  the  instruments  must,  inevitably,  have  been 
out  by  small  amounts  as  instruments  of  the  type  that  had  to  be  employed 
usually  are.  Neither  cause,  however,  is  a  basis  for  expecting  much 
difference  between  the  two  curve.s." 

Analysis  of  Oroya-Smeller  Corona-Loss  Curve.     In  Fig.  10  the 

square  root  of  the  corona  loss,  equal  to  ^  p^  is  plotted  against  the 
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line  voltage.  As  this  line  is  not  a  straight  line,  the  loss  oirve 
is  not  quadratic.  Assuming,  however,  that  the  loss  ciuve  from 
69  kv.  upwards  is  quadratic,  we  get"  using  the  I  A  method;   . 

p  =  0.765  (£  -  58.23)*  kw.     (11) 


12 

10 
8 


Plotting  the  line  voltage  from 
56  kv.  upwards  against  the  loga- 
rithm of  the  corona  loss  from  Pig. 
9,  gives  a  straight  line,  and  by  the 
I  A  method  is  found: 

log  p  =  0.0662  E  -  2.6  or 

P  =  g0.1526(fi-39.2)    k^^  (12) 

where  €  =  the  base  of  the  natural 
logarithms. 

This  equation  holds  good  for  the 
whole  range  and   it   is   the   same 
equation  found  by  Paccioli." 

The  following  shows  the  close  agreement  between  the  test 
and  formula  (12)  above: 


4 
2 

°  68        2468        24 

54  GO  70 

im  VOLTAGE  AT  POWER  STATION  IN  KV. 

Pig.  10 


Line  voltage 

Equation  (11) 

Curve  C. 

kilovolU 

kw. 

Pig.  9  kw. 

44 

2.1 

1.6 

'     46 

2.6 

2.5 

.     4$ 

3.0 

4.0 

50 

5.1 

5.6 

62 

8.7 

7.0 

64 

10.3 

9.6 

66 

12.9 

13.0 

68 

17.4 

17.3 

60 

23.4 

23.2 

62 

32.4 

31.5 

64 

43.6 

42.3 

66 

58.9 

57.5 

68 

79.4 

77.5 

70 

109.5 

105.5 

72 

144.5 

146.5 

72.3 

151.5 

153.0 

11.    KUovolts 

Fig.  9  kw. 

Vkw. 

69 

90 

9.48 

70 

105.5 

10.26 

71 

124 

11.13 

72.3 

153 

12.37 

12.  p    «  0.5  €<0089  £-9.75)^ 

A.  I.  E.  E., 

Trans.,  Vol.  XXX  p:  349, 

particularly  curve  B  Fig.  10. ' 
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B.— Prof.  Ryan's  formula,  A.  I.  E.  E..  Trans..  Vol.  30,  p  64. 

Equation  (8)  on  p.  69,  Vol.  30  gives  the  voltage  at  which  the 
loss  due  to  part  corona  is  about  equal  to  the  loss  due  to  con- 
vection, and  this  last  named  loss  is  given  by  the  equation  at  the 
bottom  of  p.  67,  Vol.  30.  viz.: 

Loss  per  1000  ft.  of  single-phase  line 

«/^«2X/*X£?X  10-«  watts  (IS) 

where,  /  =  frequency  and  £-kilovolts  between  wires.    For  one 
wire  therefore, 

P  -  4  X  f*  (-f-)  X  10-«  watts;  and  for  three  wires  of       (M) 

a  three-phase  circuit. 

P  «4X/*X-E?X  10-«  watts    (IB) 

For  61.1  cycles  and  68.4  miles  of  any  three-phase  line. 

P  =  6.48  E?  watts      (16) 

The  critical  corona  voltage  is.  equation  (8)  p.  69.  Vol.  30 

E,.    .«.4«X»,-^/-ii-«  (17) 

where,  C  «-  1.16  times  capacity  of  1000  ft.  (304.8  m.)  of  single 
phase  line  in  microfarads,  and  a  is  obtained  from 
Fig.  2  of  Prof.  Ryan's  article.  The  constant  *  is  a 
factor  selected  by  judgment  gtiided  by  the  results  of 
practical  tests  and  experience.  See  Tables  I  and 
II  on  pages  70  and  71  and  remarks  on  p.  68.  Vol. 
30;  select*  =  0.75; 

In  formula  (17)  above: 

d  «  0.33  in.;  a  =  0.069  in.;  ft  «  18.1  in.;  /  =  61.6  deg.  fahr  : 
P  »  72  in.  and 

C  -  1.16     ^'"?^y  V   =  0.00161  microfarad 


log 


(^) 


From  (17)  above:    E^u.     «  61.6  kv. 

From  (16)  above:    P  «  20.8  kw. 
Thekilovoltsin  Fig.  9  corresponding  to  2  X  20.8  =  41.6  kw.  is 
63.9  kv.,  as  against  the  61.6  found  by  Prof.  Ryan's  formula. 
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Bearing  in  mind  the  errors  likely  to  occur  particularly  on  the 
lower  part  of  the  curve,  this  is  certainly  as  good  an  approxima- 
tion as  could  be  expected. 

In  order  to  show  the  influence  of  the  constant  k  of  Prof. 
Ryan's  formula,  the  following  table  has  been  computed: 


£ 

2  Xconvection  Iom 

Corresponding  line 

* 

fonn.  (16) 

form.  (14) 

voltage  from  Fig.  9 

kv. 

kw. 

kv. 

0.73 

69.4 

38.6 

63.4 

0.73 

60.0 

39.4 

63.6 

0.74 

60.0 

40.6 

63.7 

0.75 

61.6 

41.6 

63.0 

0.76 

62.6 

42.6 

64.1 

0.77 

63.6 

43.1 

64.2 

0.78 

64.4 

46.4 

64.4 

0.7» 

66.1 

46.3 

64.6 

It  is  seen  from  above,  that  the  constant  k  does  not  largely 
alter  the  result  and  any  value  between  k  =  0.72  and  say  k  —  0.82 
will  give  very  good  results. 

The  following  test  was  started  at  7.30  p.m.  during  heavy  rain 
at  La  FundicidH;  light  rain,  off  and  on,  at  Oroya.  Probably 
only  local  showers  along  the  line.  Temperature  outside  Oroya 
power  house  14.5  deg.  cent,  at  8.17  p.m.;  barometer  at  Oroya 
48.3  cm.  and  at  La  Pundicion  42.85,  both  at  7.30  p.m. 


Correctedt 

Generator 

Generator 

Generatorf 

ind.  watt- 

voltage 

Line  kv.* 

current 

cuijent 

meter  read- 

Curve A 

Frequency 

kv. 

Fig.  8 

amperes 

ings 
kw. 

Fig.O 
kw. 

68.6 

60.4 

10.1 

10 

60 

66 

60.8 

61.0 

62.7 

8.06 

0.1 

83.6 

86 

64.6 

66.3 

8.00 

8.04 

110.7 

110.6 

66.0 

67.7 

7.30 

6.06 

138 

140 

62.1 

62.0 

0.10 

0.36 

84.6 

81 

61.0 

66.0 

66.8 

7.8 

8.04 

118 

116.1 

67.2 

68.0 

6.6 

6.78 

148 

143.6 

60.6 

70.2 

6.0 

6.4 

103 

184 

71.6 

72.2 

3.6 

4.22 

237 

234 

73.2 

73.0 

2.8 

3.68 

286 

*B7  tntarpolation  from  other  taet. 

fA  tmaller  scale  ammetar  used  than  in  the  first  test. 

iUung  Pig.  6. 
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At  71.8  kv.  at  Oroya  a  slight  brush  discharge  was  visible  at 
the  end  of  the  lightning  arrester  horns  connected  to  the  line; 
the  same  was  the  case  at  the  smelter  substation.  No  visible 
corona  was  on  the  line  either  at  Oroya  or  at  the  smelter.  The 
night  was  quite  dark  with  a  new  moon  behind  heavy  clouds. 
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Discussion  on  **  Corona  Tbsts  at  High  Altitude  "  (Jakob- 
sen),  San  Francisco,  Cal.,  January  25,  1918. 

F.  W.  Peek,  Jr.  (by  letter):  I  wish  to  call  attention  to 
a  paper,  "Comparison  of  Calculated  and  Measured  Corona  Loss 
Curves,"  published  in  1915,  where  the  la\Vs  of  corona  from  my 
1911  paper  are  discussed  and  applied  to  measurements  made  on 
practical  and  experimental  lines  in  different  parts  of  the  cotmtry. 
Mr.  Faccioli's  Shoshone  measurements  are  included  in  this' 
comparison;    I  will  quote  directly  from  this  paper: 

"The  law  of  corona  takes  the  general  form 
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Fig.   1 — Outdoor  Single-Phase  Experimental  Line.     (Tests  made 
.  BY  F.  W.  Peek,  Jr.,  Schenectady,  1910) 

which  means  that  under  conditions  otherwise  constant,  the  loss 
varies  as  the  square  of  the  applied  voltage  above  a  certain 
critical  voltage,  Co  or  ed.  The  critical  voltage,  e©,  is  called  the 
disruptive  critical  voltage.  Visual  corona  does  not  start  at  the 
disruptive  critical  voltage,  but  at  some  higher  voltage  .e«,  the 
visual  critical  voltage.  Both  of  these  voltages  have  been  calcu- 
lated and  marked  on  the  curves.  Theoretically,  if  the  conductors 
were  perfectly  smooth,  no  loss  should  occur  \mtil  the  visual 
critical  voltage,  e„  is  reached,  when  the  loss  should  suddenly 
take  a  definite  value.  For  «„  and  higher  voltages,  the  loss 
shotild  follow  the  quadratic  law.     In  practise,  due  to  dirt,  points^ 
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etc.,  brushes  occur  on  the  conductors  at  voltages  lower  than  e.. 
Between  e^  and  ea,  due  to  these  brushes,  there  is  a  loss.  This 
loss  practically  follows  the  quadratic  law  for  large  weathered 
conductors,  where  e^  and  e©  approach  each  other  in  value.  For 
small  conductors  and  especially  new  conductors  with  fairly 
clean  surfaces,  the  loss  between  e^  and  eo  falls  below  that  of  the 
quadratic  law,  as  shown  in  Pigs.  2  and  3.  If  the  conductors  were 
highly  polished  there  would  be  very  little  loss  until  the  voltage 
ep  is  reached.  At  this  voltage  the  loss  would  suddenly  take  a 
definite  value  very  nearly  equal  to  that  calculated  by  the  quad- 
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Pig.  2 — Outdoor  Single-Phase  Experimental  Line.     (Tests  made 
BY  F.  W.  Peek,  Jr.,  Schenectady,  1910) 

ratio  law  with  e^  as  the  applied  voltage  and  eo  as  the  critical 
voltage  in  the  equation.*  In  all  cases  the  loss  follows  the  quad- 
ratic law  above  e».  The  part  of  the  loss  curve  between  e©  and 
e,  will  thus  vary  from  day  to  day  depending  upon  the  chance 
condition  of  the  conductor  surfaces.  Over  this  unstable  section 
of  the  curve  the  loss  follows  the  probability  law.'* 

Excess    loss    due    to    irregjular 
p  ^  qt  " *(*^^)*  irregularities,   as  spots,  points, 

etc. 

*"eo  or  ed  must  always  be  used  as  the  critical  voltages  in  quadratic  law." 
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"It  is  of  practical  importance  only  to  know  the  limits  of  the  loss 
at  this  part  of  the  curve;  e^  should  generally  be  the  limit  of  Ike 
voltage  on  practical  lines,  as  otherwise  storm  losses  become  excessive.** 

"Thus,  from  the  considerations  above,  the  quadratic  law 
shottld  be  closely  followed  in  all  cases  for  voltages  higher  than  e«. 
For  the  part  of  the  curve  between  e^  and  cq  the  loss  is  tuistable  and 
dependent  upon  chance  surface  conditions,  dirt  spots,  etc.  as 
follows: 

1.  For  large  weathered  cables,  such  as  are  used  in  practical 
lines,  the  quadratic  law  is  closely  followed. 

2.  For  new  conductors,  and  especially  small  ones,  the  loss 
at  voltages  lower  than  the  visual  critical  voltage,  ««,  falls  below 
the  quadratic  law.**^ 
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Pig.  3 — Lower  Part  of  Fig.  2  to  an  Enlarged  Scale 

There  are,  thus,  two  critical  voltages:  the  disruptive  critical 
voltage,  fo,  used  in  the  loss  equation,  which  corresponds  to  a 
constant  gradient  of  30  kv.  per  cm.  max.,  and  the  visual  critical 
voltages,  Cp,  the  voltage  at  which  visual  corona  starts,  e,  is 
always  higher  than  eo.  For  perfectly  polished  wires,  the  loss 
would  occur  as  shown  in  Fig.  5,  suddenly  reaching  a  definite 
value  at  e^  and  following  the  quadratic.  Between  e^  and  eo  the 
loss  is  unstable  and  is  caused  by  spots,  points,  dirt  and  other 

1.  "Law  of  Corona  and  Dielectric  Strength  of  Air."  F.  W.  Peek,  Jr., 
A.  I.  £.  £.  Transactions,  1911,  page  1892,  part  III.  Also  "Law  of 
Corona  II".  F.  W.  Peek,  Jr.,  A.  I.  E.  E.  1912,  page  1061,  part  I. 
"Comparison  of  Calculated  and  Measured  Corona  Loss  Curves,"  P.  W. 
Peek,  Jr.,  A.  I.  E.  E.  Transactions  1915,  page  269,  Part  I. 
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irregularities,  and  not  "sub  corona",  *'part  corona",  etc.  Be- 
tween e^  and  e^  the  loss  may  be  greater  or  less  than  the  quadratic, 
as  shown  in  Figs.  1  to  4.  For  practical  sizes  it  generally  approxi* 
mates  the  quadratic  over  the  whole  range.  This  was  fully 
explained  in  my  1911  paper.*  In  practical  lines  it  is  generally 
not  advisable  to  operate  above  the  ^o  voltage.  It  is  thus  of 
great  importance  to  be  able  to  determine  this  voltage  accurately. 
In  calctdating  the  losses,  etc.  on  the  Oroya  line  I  find 
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Fig.    4 — Shoshone— Leadville   Transmission    Line,     Three-Phasb 
(Tests  made  by  Faccioli.) 


50 


76 


Co  =  -^^  kv.  to  neutral.     Cr  =  -^  kv.  to  neutral. 
VT  v3 

Or  between  lines 

£o  =  50  kv.     Disruptive  critical  voltage 
Ep  =  75  kv.     Visual  critical  voltage 

2.     Also    "Dielectric    Phenomena    in     High- Voltage     Engineering/* 
page  143,  chapter  V. 
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Mr.  Jakobsen's  measurements  were  all  made  below  the  visual  critic 
cal  voltage  or  on  the  unstable  part  of  the  curve  where  the  probability 
and  fU)t  the  quadratic  loss  law  is  followed.  Mr.  Jakobsen  does 
not  mention  this  fact  in  making  comparisons,  although  he 
uses  these  measurements  mainly  to  show  that  the  quadratic 
is  incorrect.  His  Fig.  9,  curve  C,  indicates  about  50  kv.  for 
Eo,  as  calculated  above.  It  is  quite  probable  that  with  a  new 
line  the  loss  for  voltages  lower  than  the  visual  corona  voltage 
would  come  lower  than  that  indicated  by  the  quadratic  law. 
This  is  shown  by  my  Fig.  2,  where  the  £o  —  £»  range  of  voltage 
is  greater  than  that  used  by  Mr.  Jakobsen.  With  la^ge  weather- 
ed conductors  the  loss  between  £,  and  £o  should  be  as  in  my 
Figs.  1  and  4.  It  is  diflScult  to  estimate  the  accuracy  of  Mr. 
Jakobsen's  measiu-ements.  With  the  apparatus  that  he  had 
available,  a  slight  phase  displacement  caused  by  the  current 
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Pig.  6 — Cokona  Loss  fok  Pbrfbct  Conductors. 

NoTBs — The  loM  for  a  Perfect  Conductor  it  Shown  by  a  Heavy  Line.     It  is  Zero  up  to 
B,  When  it  Suddenly  Reaches  a  Definite  Value  and  Follows  the  Quadratic  Law. 
For  the  Actual  Loss  in  Portion  Below  £,  See  Figs.  1.  2  and  4. 

transformer,  potential  transformers,  etc.,  at  the  low  power 
factors  woiild  cause  very  large  error  .  It  is  quite  possible, 
however,  that  the  loss  for  the  voltage  range  measured  was 
actually  lower  than  that  predicated  by  the  quadratic  law. 

In  my  Fig.  4  the  dotted  curve  represents  the  losses  measured 
on  the  Shoshone-Leadville  line  by  Mr.  Faccioli.  The  full  curve  is 
plotted  from  a  direct  calculation  of  the  starting  voltage  and  loss 
by  my  corona  formulas.  Contrary  to  the  conclusions  reached 
by  Mr.  Jakobsen  from  his  Fig.  9a  the  check  is  good.  As  is 
usual  in  practical  lines  with  large  weathered  conductors,  the 
qtiadratic  law  approximates  the  loss  even  for  voltages  lower 
than  e^.  Fig.  9a  does  not  show  that  the  Oroya  and  Shoshone 
losses  check.  No  comparison  is  actually  made  by  Mr.  Jakobsen. 
The  two  curves  have  simply  been  slid  together  without  any 
regard  as  to  what  the  relative  starting  voltages  should  be.  It 
only  means  that  the  two  curves  happen  to  have  approximately 
the  same  slope  for  the  range  plotted.     To  show  tiie  fallacy  of 
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this  method,  I  have  plotted  Fig.  6.  The  drawn  curve  is  the 
calculated  Shoshone  curve.  The  points  are  the  measured  Sho- 
shone and  Oroya  losses  and  the  calculated  Oroya  losses,  all 
''good  checks",  measured  by  the  standards  of  Mr.  Jakobsen*s 
Fig.  9a.  It  thus  does  not  seem  rational  to  attempt  to  compare 
loss  curves  for  different  conductors  by  tying  the  curves  to- 
gether at  some  arbitrary  loss  per  mile.  It  will  be  found  that 
two  curves  so  tied  together  at  one  temperature  and  pressure 
will  diflFer  widely  at  some  other  temperature  and  pressure. 

Mr.  Jakobsen's  results  given  in  the  table  on  page  105  in  connec- 
tion with  equation  (11 ) ,  should  naturally  be  expected.  A  ntmiber 
of  other  equations  would  fit  equally  well  over  the  limited  range. 
This  should  be  especially  expected  from  an  exponential  equation. 
When  an  equation  is  written,  however,  it  should  be  rational. 
The  probability  law  is  the  rational  equation  for  an  approximation 
of  the  excess  loss  due  to  irregular  irregularities.' 

The  reference  to  * 'convection  loss**  is  difficult  to  xmderstand. 
Assuming  such  a  loss  can  be  meastired  in  a  laboratory  on  polished 
wires,  on  a  practical  line,  with  actual  local  corona  loss  at  points 
and  dirt  spots,  it  would  be  comparatively  negligible.  Below  e^ 
the  loss  in  practise  can  only  be  that  due  to  irregularities.  The 
accuracy  of  the  measurements  at  this  part  of  the  curve  is  so 
doubtful  that  no  attempt  should  seriously  be  made  at  checking 
a  "law".  Since  a  great  deal  has  been  said  about  the  visible 
and  non-visible  corona  loss  it  may  be  well  to  explain.  The 
visual  corona  voltage,  £»,  is  the  voltage  at  which  corona  suddenly 
appears  all  arotmd  the  conductor.  It  is  a  very  definite  voltage 
and  can  be  accurately  noted,  if  the  wire  is  viewed  in  a  very 
dark  room.  The  corona  can  often  not  be  observed  out  in  the 
open,  however,  even  on  a  "dark"  night,  at  much  higher  volt- 
ages. Any  appreciable  loss  below  this  voltage  is  due  to  brushes 
at  roughened  and  dirty  points  along  the  conductor.  These 
brushes  are  also  visible  in  a  dark  room  but  are  not  readily  ob- 
served on  a  line  out  of  doors.  All  corona  loss  is  thus  really 
due  to  visible  corona  or  brushes.  Below  the  visual  corona 
voltage  the  loss  is  due  to  the  chance  brushes  at  roughened  or 
dirty  spots. 

3.'    The  loss  bdow  the  voltage  ««  can  probably  be  best  represented  by 
the  sum  of  two  equations,  a  quadratic  giving  the  loss  due  to  the  regular 
irregularities,  and  the  probability  law  giving  the  loss  due  to  the  irregular 
irregularities. 
Thus  pKie--  e>o)*  +     ff^('*«-*>* 

Irregular  irregularities  may  be  spots,  points,  dirt,  etc. 

Regular  irregularities  may  be  the  strands  in  a  cable,  a  weathered  sur* 
face,  a  ridge,  etc. 

For  voltages  above  ««,  all  irregtdarities  become  practically  regular  and 

For  small  conductors  f «'  may  be  larger  than  eo.     K  is  smaller  than  c 
since  it  may  represent  only  part  of  the  surface. 

The  sum  of  the  curves  above  may  be  approximated  by  an  exponential. 
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In  the  last  table  in  Mr.  Jakobsen*s  paper  are  given  loss 
measurements  made  during  a  storm.  These  measurements  are 
practically  equal  to  those  made  in  fair  weather.  This  can  be 
explained  in  only  one  of  two  wajrs.  Either  the  meter  arrange- 
ment is  such  that  the  indication  is  the  same  regardless  of  the 
actual  loss,  or  the  storm  was  local  arid  confined  to  a  very  small 
portion  of  the  line. .  There  is  no  doubt  whatever  that  corona 
loss  is  greatly  increased  during  rain.  This  is  substantiated  by 
actual  measurements  and  by  theory. 
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Note — The  Four  Carves  Have  Been  Moved  Together  Along  the  X  Axis  as  in  Mr. 
Jakobsen's  Report  Fig-  9a  to  Give  the  Appearance  of  a  Check — The  Dotted  Curve  is  Drawn 
m  to  Indicate  now  This  was  Etone — Actually,  no  Comparison  is  Made  by  This  Method. 


It  would  be  extremely  interesting  if  Mr.  Jakobsen  cotdd  make 
measurements  on  different  sizes  of  conductors  at  voltages  above 
the  visual  corona  voltage  at  these  high  altitudes.  This  would 
probably  have  to  be  done  with  a  testing  transformer  on  short 
lengths  of  line. 

I  have  been  very  much  interested  in  the  data  obtained, 
however,  which  seem  to  check  the  calculated  Cq.  The  irregu- 
larity loss  on  this  part  of  the  curve  may  also,  for  a  good  surface 
condition,  fall  below  the  quadratic  as  Mr.  Jakobsen  has  found. 
I  do  not  agree  with  Mr.  Jakobsen  in  his  interpretation  of  the 
data,  however. 
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To  Summarize: — 

There  are  two  critical  voltages  which  must  be  considered,  the 
disruptive  critical  voltage,  «o,  used  in  the  quadratic  law,  and  the 
visual  critical  voltage  «».  Cv  is  always  higher  than  e^.  In 
practise  it  is  generally  not  desirable  to  operate  above  the  e^ 
voltage. 

The  loss  at  voltages  above  «„  always  follows  the  quadratic  law. 

For  voltages  lower  than  tv  there  would  be  no  appreciable  loss 
for  perfect  wires  (Fig.  5).  In  practise  there  is  a  loss  on  this  part 
of  the  ctuve  due  to  brushes  at  irregularities.  The  rational 
approximation  of  these  chance  losses  is  the  probability  law. 
This  loss  may  be  greater  or  less  than  that  indicated  by  the 
quadratic  law,  depending  upon  the  surface  condition.  See  Figs. 
1,  2  and  3.  For  the  larger  weathered  conductors  used  in  prac- 
tise, the  quadratic  law  generally  gives  a  good  approximation  at 
voltages  below  «,.  This  is  shown  by  Figs.  1  and  4.  In  Fig.  4 
a  direct  calculation  of  the  corona  losses  on  the  Shoshone  line 
agrees  with  Faccioli's  measured  losses. 

AH  of  Mr.  Jakobsen's  measurements  were  made  at  voltages 
below  the  visual  corona  voltage,  «»,  where  the  losses  are  due  to 
irregularities. 

Mr.  Jakobsen's  Fig.  9a  does  not  show  agreement  with  Fac- 
cioli's  Shoshone  loss  measurements.  The  curves  have  simply 
been  slid  together  along  the  X  axis  without  regard  to  relative 
starting  voltages.  It  only  means  that  the  curves  happen  to 
have  practically  the  same  slope  over  the  range  plotted.  Fig.  6 
is  plotted  to  show  the  fallacy  of  making  such  a  comparison.  In 
this  figure  the  calculated  and  me^ured  Oroya  curves  and  the 
calculated  and  measured  Shoshone  curves  are  moved  together 
in  the  same  way,  and  all  show  an  apparent  check,  Actually, 
the  two  Oroya  curves  do  not  check;  the  two  Shoshone  curves  do. 

The  results  in  the  table  on  page  105  should  be  expected.  An 
approximation  of  this  curve  should  be  an  exponential.  A 
ntmiber  of  other  equations  could  equally  well  be  made  to  fit. 

Referring  to  the  calculations  on  page  106,  if  there  is  a  convec- 
tion loss,  it  must  be  relatively  so  small  compared  to  the  actual 
corona  loss  at  irregularities,  that  it  is  negligible. 

The  losses  during  rain  given  in  the  table  on  page  107  practically 
agree  with  the  fair  weather  loss.  This  is  contrary  to  all  other 
measurements  and  to  theory. 

In  estimating  the  cost  of  the  loss  of  power  per  year  due  to 
corona  it  must  be  remembered  that  the  loss  varies  from  day 
to  day  due  to  changes  in  temperature  and  pressure.  A  given 
line  with  very  high  losses  diuing  the  hot  summer  days  may 
have  no  loss  for  the  greater  part  of  the  year.  It  is  instructive 
to  plot  a  time-loss  curve  for  a  year.  The  rain  losses  may  be 
very  high  during  periods  of  precipitation,  but  when  put  on  a 
yearly  basis  may  be  a  very  small  part  of  the  total  loss.  At  the 
part  of  the  curve  near  the  critical  voltage,  eo,  the  loss  will  be 
considerably  affected  by  surface  conditions  not  under  control 
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of  the  operator,  due  to  dtist,  fog,  sleet,  etc.  Such  conditions 
can  only  be  estimated.  We  have  found  the  quadratic  law 
to  give  the  best  average  estimate  of  these  losses. 

Harris  J.  Ryan:  Mr.  Peek  characterizes  my  comparison  of 
the  forms  of  the  Faccioli  and  Jakobsen  high-altitude  corona  line- 
loss  curves  by.  saying  that,  "the  two  curves  have  simply  been 
slid  together  without  any  regard  as  to  what  the  relative  starting 
voltages  should  be."  Precisely  the  opposite  is  the  case.  The 
curves  were  brought  together  for  their  form  or  *'law**  comparison 
by  allowing  for  the  difference  in  their  corona  starting  voltages. 
See  text  of  the  present  Jakobsen  paper,  page  103:  *Tor  the  pur- 
pose of  comparison  we  may  assiune  that  the  corona  was  definitely 
started  at  this  amotmt  of  loss  viz. :  one-half  kilowatt  per  kilo- 
meter of  line."  **It  follows,  therefore,  that  the  corona  was 
started  on  the  Shoshone-Leadville  line  at  95.8  —  65.8  =  30  kv. 
higher  than  the  Oroya  line."  The  two  curves  were  therefore 
given  a  common  origin  at  the  definite  initial  corona  loss  of  0.5 
kw.  per  kilometer  of  line  arid  at  the  corresponding  line  voltages 
of  52  and  82  kv.  On  Peek's  authority  the  values  of  the  Shoshone 
line  losses  were  corrected  so  as  to  correspond  to  the  values  that 
would  have  occurred  at  the  barometric  pressiire  and  temperature 
of  the  Oroya  line  by  using  the  multiplier  0.93.  I  know  of  no 
more  rational  proceeding  in  the  circtunstances. 

In  his  contribution  to  this  discussion  Mr.  Peek  has  stated  and 
restated  that  the  non-visible  coronas  are  controlled  by  ''irregu- 
larities" and  ''irregular  irregularities".  Ten  years  ago  Foote  in 
his  Michigan  110  =  kv.  transmission  studies  and  practise  pro- 
posed that  a  small  definite  loss  due  to  corona,  say  0 . 5  kw.  per 
mile  of  transmission  line  be  adopted  to  determine  the  corona 
starting  voltage.  It  seemed  to  me  then*  and  the  results  of 
many  studies  since  cause  me  to  continue  to  think  that  Foote's 
proposal  is  a  good  one  and  should  be  adopted,  viz.:  That  for 
practical  purposes  the  corona  starting  voltage  should  be  taken 
as  the  value  which  causes  a  loss  due  to  corona  of  0.5  kw.  per 
kilometer  (0 . 8  kw.  per  mile)  of  transmission  line. 

Because  of  the  work  of  Peek  and  of  others  we  have  an  abun- 
dant knowledge  of  the  visible  corona  losses.  Engineering 
practise  is  much  concerned  with  the  non-visible  losses  and 
knowledge  thereof  is  scanty.  Mershon's  results  obtained  in 
1905  at  Niagara  Falls  and  a  few  results  obtained  from  tests 
made  on  actual  transmission  lines  are  all  that  we  have.  Much 
more  should  be  done.  The  factors  involved  are  many  and  the 
work  is  diflBcult.  The  present  paper  is  most  welcome.  It  is  to 
be  hoped  that  more  of  its  kind  will  follow.  The  present  out-look 
is  that  these  non -visible  corona  losses  must  be  handled  empiri- 
cally. 

B.  F.  Jakobsen:  I  shall  consider  Mr.  Peek's  remarks  imder 
three  headings,  as  follows: 

1.    Range  of  test  voltage  at  Oroya. 

•Conductivity  of  the  OpcQ  Atmosphere,  Trans.  A.  I.  E.  E.,  Jan.  1911. 
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2.  Accuracy  of  Oroya  tests. 

3.  Comparison  of  calctilated  and  measured  corona  losses. 

1.  Range  of  Test  Voltage  at  Oroya.  The  maximimi  voltage 
that  could  be  obtained  at  Oroya  by  raising  the  generator  voltage, 
was  72,300  volts.  At  this  voltage  no  corona  was  visible  on  a 
dark  night,  either  at  Oroya  at  12,200  ft.  (3.72  km.)  or  at  the 
Smelter  at  about  14,000  ft.  (4.27  km.).  The  corona  loss  was 
about  150  kw.  for  one  circuit  or  300  kw.  for  the  two  circuits. 
Mr.  Baum  states  that  power  is  worth  i  cent  per  kw-hr.  and  the 
loss  due  to  corona  would  therefore  amoimt  to  $13,000  per  year. 
The  copper  in  both  circuits  from  Oroya  to  Smelter  is  550,000  lb. 
(249,475  kg.)  and  it  cost  about  $140,000  in  place;  therefore  we 
could  afford  to  double  the  amoimt  of  copper  rather  than  accept 
the  corona  loss  of  150  kw.  per  circuit.  The  maximum  voltage 
used  in  the  test  was  therefore  considerably  above  any  voltage  that 
could  be  considered  as  operating  voltage. 

It  is  the  corona  loss  at  voltages  below  the  visual  corona  volt- 
age that  is  of  importance  in  transmission  line  work,  since  it  is 
important  to  know  how  high  one  may  safely  go  with  the  line 
voltage  \mder  certain  conditions,  rather  than  knowing  what  the 
corona  loss  would  be  at  a  voltage  several  times  higher  than  any 
possible  operating  voltage. 

2.  Accuracy  of  Oroya  Test.  Faccioli  made  some  tests  in  order 
to  check  the  accuracy  of  his  corona  tests  (see  page  347,  Vol.  30, 
Part  I)  and  as  these  have  a  bearing  on  the  accuracy  of  the  present 
test,  I  shall  quote  from  Faccioli*s  paper,  regarding  the  Denver- 
Botdder  single-phase  test: 

Since  the  power  factor  of  the  readings  was  very  low  it  was  considered 
advisable  to  raise  this  power  factor  by  using  an  artificial  load  (a  water 
box)  in  multiple  with  the  low- tension  winding  of  the  step-up. transformer 
which  energized  the  line.     The  measurements  were  taken  as  follows : 

The  transformer  only  was  connected  to  the  system  and  readings  taken, 
then  the  line  was  connected  to  the  transformer  and  readings  taken  at  the 
same  voltages  as  before.  The  difference  between  the  kilowatts  in  the 
two  cases  gives  the  total  losses  of  the  line.  Additional  measurements 
were  made,  first,  with  the  transformer  and  auxiliary  load;  second,  with 
the  transformer,  auxiliary  load  and  line.  The  utmost  care  was  taken  to 
keep  the  auxiliary  load  constant  during  these  two  sets  of  measurements. 
The  introduction  of  the  auxiliary  load  proved  unnecessary  as  the  results 
obtained  with  and  without  the  extra  load  were  the  same. 

At  the  maximum  voltage  employed  at  Oroya,  i.  e.  72,300 
volts,  the  load  on  the  wattmeters  was  1,1:85  kw.  (see  Table  II  of 
my  paper);  this  instrument  load  is  five  times  the  actual  load 
(Table  I  and  Fig.  9  of  my  paper)  on  account  of  the  current 
transformer  connections  employed  (see  "Meters  and  Instrument 
Transformers"  page  952).  The  generators  are  3750  kw.,  so 
that  the  load  on  the  wattmeters  was  about  30  per  cent  of  the 
generator  capacity ;  the  power  factor  on  the  wattmeters  was  0 .  54 
(see  Fig.  8  of  my  paper).     The  two  wattmeters  (indicating  and 
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integrating)  agree  at  this  voltage  (see  Fig.  6  of  my  paper),  and 
the  measi^ed  current  agrees  closely  with  the  calculated  current 
(see  Pig.  8  of  my  paper.)  There  is  thus  no  reason  to  expect  an 
error  of  more  than  a  very  few  per  cent  at  the  most,  while  if  Mr. 
Peek's  formula  was  correct,  the  error  committed  would  be  about 
660  per  cent. 

3.  Comparison  of  Calculated  and  Measured  Corona  Losses.  In 
Mr.  Peek's  paper  "Comparison  of  Calculated  and  Measured 
Corona  Coss  Curve",  A.I.E.E.  Vol.  34  (1915)  Part  I,  page  269, 
only  a  single  test  made  on  an  actual  transmission  line  is  con- 
sidered, and  this  is  Faccioli's  Shoshone-Leadville  test,  reported 
in  the  A.  I.  E.  E.  Transactions  Vol.  30  (1911)  Part  I,  page  337. 
The  profile  of  this  line  is  shown  on  page  79  of  Vol.  30  Part  I. 
Referring  to  this  particular  test,  Mr.  Faccioli  said,  page  344: 

Although  the  Shoshone-Leadville  tests  were  taken  on  a  section  of  line 
63.5  miles  (102  km.)  long,  still  the  curves  of  Ffg.  6  cannot  be  used  to 
determine  the  critical  voltage  or  the  law  which  connects  losses  to  kilovolts 
because  the  voltage  at  the  far  end  of  the  line  is  higher  than  the  voltage  at 
the  power  house  and  because  of  the  different  altitudes  through  which 
the  transmission  line  runs.  For  this  reason  some  experiments  were  con- 
ducted on  the  Denver-Botdder  section  of  the  system. 

Fig.  4  of  Mr.  Peek's  paper  (Vol.  34,  page  269)  is  reproduced  as 
Fig.  4  in  this  discussion.  This  figure  shows  the  close  agreement 
between  the  loss  measured  by  Faccioli  and  the  Peek  formula,  but 
it  is  quite  misleading,  because  Mr.  Peek  has  used  the  temperature 
and  the  barometer  for  Shoshone,  as  given  by  Mr.  Faccioli  on 
page  344,  Vol.  30  (1911)  Part  I,  with  practically  no  corrections, 
although  Shoshone  lies  at  only  6000  ft.  (1 . 8  km.)  while  the  maxi- 
mum point  on  the  line  lies  at  12,000  ft.  and  the  average  for  the 
whole  line  being  about  8500  ft.  (2.6  km.).  Faccioli  gives: 
temp.  =  55deg.fahr.  (12.8 deg.  cent.);  barom.  =  24 in.  (61cm.) 
while  Mr.  Peek  has  used  11  deg.  cent,  and  60  cm.  barometer  and 
Professor  Ryan  used  5  deg.  cent,  and  52  cm.  barometer  in  Fig. 
9a. 

I  do  not  know  where  Professor  Ryan  obtained  the  barometric 
pressure  which  he  used,  but  using  the  following  standard  formula: 

HfHi^  (18,400  +  70  X  O  X  log  (-|^) 

where  Hj  —  Hi  =  difference  of  altitude  in  meters, 

Pt  and  Pi  —  corresponding   barometric   heights   in   milli- 
meter of  mercury; 
tm  =  average  temperature  of  air  between  the  two 
elevations,  in  centigrade; 
with    Hi-  Hi^  2500  ft.  (763  meters),  Pi  =  610  mm.  (24  in.) 
and  ttn  «  (12.8  +  5)  :  2  =  9  deg.  cent.,  I  find  P2  =  555  mm., 
instead  of  the  60  cm.  used  by  Mr.  Peek  and  52  cm.  used  by 
Professor  Ryan. 

Using  the  temperature  and  barometric  pressure  as  given  by 
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Professor  Ryan,  3  =  0. 724  instead  of  0.83  as  given  by  Mr.  Peek 
in  Fig.  4.  With  Wo  =  0.87  (Peek's  law  of  corona,  Vol.  30,  Part 
III,  page  1890),  £o  =  74.2  kv.  between  wires,  and  the  loss  for 
three  wires  at  60  cycles  and  63.4  miles  (102.5  km.)  as  per  equa- 
tion (6),  page  1894.  Vol.  30,  Part  III,  is: 

P  =  0.981  (£-  74.2)«kw. 
This  gives  the  following  table  for  the  comparison  between  the 
measured  Shoshone-Leadville  line  loss  (Faccioli  Fig.  6,  page  342, 
Vol.  30,  Part  I)  and  Peek's  formula: 


Voltage 

between 

Loss  by  Peek's 

Measured 

Ratio 

Square  root  of 

lines  in  kv. 

fonnula.  kw. 

loss.  kw. 

measured  loss 

86 

114 

26 

4.56 

6.0 

90 

246 

30 

8.2 

6.46 

100 

•        665 

116 

6.7 

10.72 

110 

1260 

360 

3.6 

19.0 

120 

2060 

1120 

1.84 

33.6 

The  square  root  of  the  loss  is  plotted  against  the  voltage 
between  wires  in  Fig.  7  and  this  shows  a  curve  exactly  like  the 
one  found  for  the  Oroya  line  and  plotted  in  Fig.  10  of  my  paper, 
and  it  shows  that  the  loss  measured  does  not  follow  the  quadratic 
law,  for  if  it  did,  this  line  would  be  a  straight  line. 


30 

/ 

r 

J 

/ 

20 

/ 

A 

10 

A 

, 

X 

85     90  100  110 

Fig.  7 


120 


Since  the  corona  loss  is  very  much  affected  by  barometric 
pressure  and  temperature  and  since  these  were  measured  only  at 
one  point  (the  lowest  point  along  the  line),  this  test  is  decidedly 
unfit  for  comparisons. 

The  increase  of  voltage  towards  the  open  end  of  the  line,  as 
mentioned  by  Mr.  Faccioli,  in  addition  to  the  higher  altitude  at 
the  open  end  of  the  line,  would  increase  the  losses.  In  com- 
paring a  standard  formula  with  these  measurements,  allowance 
must  be  made  for  this,  or  the  comparison  is  quite  worthless. 

Faccioli  measured  the  corona  losses  by  first  measuring  the 
transformer  core  loss  +  low-tension  copper  loss  and  then  con- 
necting the  transformers  to  the  line  and  measuring  the  loss  again 
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at  the  same  voltage.  The  difference  between  these  two  losses 
he  took  as  the  corona  loss  at  that  voltage,  see  page  340  near  top, 
Vol.  30,  Part  I.  In  this  way  the  high-tension  transformer  copper 
loss  and  the  line  copper  loss,  as  given  by  my  formula  (8),  was 
included  with  the  corona  losses,  and  this  method  would  give  a 
corona  loss  larger  than  the  actual  loss. 

In  order  to  get  an  idea  of  the  magnitude  of  the  various  losses 
involved  in  the  corona  loss  tests  at  Oroya,  Fig.  8  was  plotted. 
Curve  A  represents  the  core  loss  of  the  three  transformers; 
Curve  B  is  the  high-tension  transformer  copper  loss  +  the  line 
copper  loss  (equation  (8)  of  my  paper),  the  line  copper  loss 
amotmting  to  about  4/5  of  the  curve  B  loss,  equations  (3)  and 
(7) .     The  low-tension  copper  loss  varies  as  the  generator  current, 
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Fig.  8 

Fig.  8  and  its  maximtmi  value  is  only  1.4  kw.  At  40  kv.  it  is 
1 .1  kw.  and  at  70  kv.  it  is  0.3  kw.  The  copper  loss  in  the  low- 
tension  transformer  windings  added  to  the  two  curves  A  and  B 
in  Fig.  8,  would  give  the  total  loss  curve,  Curve  B  in  Fig.  9  of  my 
paper. 

The  Denver-Boulder  single-phase  line  test  made  by  Faccioli 
and  shown  in  Fig.  9,  page  347,  Vol.  30,  Part  I  is  considered  by 
Mr.  Faccioli  as  being  the  more  accurate  test  and  it  would  there- 
fore form  a  better  basis  for  comparisons  than  the  Shoshone- 
Leadville  tests.  The  constants  given  by  Faccioli  are:  distance 
27.6  miles  (44  km.);  line  No.  1  B  &  S.  diameter  =  0.33  in.; 
spacing  =  124  in;  barometer  24.4  in.  (62  cm.)  and  temperature 
62  deg.  fahr.  (16.7  deg.  cent.).  These  two  last  are  taken  as  the 
average  of  24 . 1  in.  and  24 . 7  in. ;  and  49  deg.  and  74  deg.  fahr. 
as  given  by  Faccioli  on  page  345,  Vol.  30  and  no  corrections  were 
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made  for  the  small  differences  in  baronietric  pressure  and  in 
temperature  due  to  the  difference  in  elevation  between  the 
substation  at  Denver  and  the  average  altitude  of  the  line.  The 
profile  is  shown  on  page  79,  Vol.  30.  The  average  altitude  is 
given  by  Faccioli  as  5300  ft.  (on  page  344,  Vol.  30),  but  this  does 
not  agree  with  the  profile,  which  is  probably  correct  and  which 
shows  about  5900  ft.  (1 .8  km.). 

Taking  Wo  =  0.87,  Peek's  formulas  give  £o  =  85.8  kv.  be- 
tween wires  and  the  loss  for  the  two  wires  (single-phase) : 

P  =  0.199  (£-  85.8)«kw. 
Faccioli  derived  the  following  formula  for  the  loss  for  voltages 
above  100  kv.  (see  his  Fig.  11  on  page  351,  Vol.  30) : 
P  =  0.036  (£- 80)*  kw. 

ComsMuriflon  between  measured  values  and  calculated  values  for  the  Denver-Boulder  test 
by  Faccioli  and  Peek's  formula. 


Voltage 

between 

Loss  by  Peek's 

Measured 

Ratio 

lines  in  kv. 

formula,  kw. 

loss.  kw. 

measured  loss. 

90 

3.6 

3 

1.17 

1.78 

96 

16.8 

7 

2.4 

2.65 

100 

40 

12 

3.33 

3.46 

105 

73 

19 

3.84 

4.36 

110 

117 

28 

4.18 

6.3 

116 

170 

37 

4.60 

6.09 

120 

234 

48 

4.86 

6.94 

Square  root  of  the  kilowatts  against  the  voltage  is  plotted  in 
Faccioli's  Fig.  10.  Above  100  kv.  the  curve  between  the  square 
root  of  the  loss  and  the  voltage  is  a  straight  line. 

It  will  be  seen  that  in  both  these  cases  Peek's  formulas  give  values 
for  the  corona  loss  which  are  several  times  higher  than  the  losses 
found  on  actual  transmission  lines  for  voltages  near  operating 
voltages.  And  this  was  found  also  at  Oroya,  table  on  page  102 
of  this  volume.  That  these  test  voltages  were  below  the  visible 
corona  voltage  is  quite  true,  but  that  does  not  detract  from  the 
fact  that  we  are  mostly  interested  in  knowing  the  losses  which 
are  likely  to  occur  at  or  near  the  actual  operating  voltages. 

It  is  very  important,  as  Mr.  Peek  says,  to  be  able  to  determine 
Eq  (the  disruptive  critical  voltage),  but  I  cannot  see  why  Fig.  9 
of  my  paper  shows  this  to  lie  at  about  50  kv.,  since  the  loss  starts 
at  about  40  kv. 

On  long  high-tension  transmission  lines  carrying  large  amotmts 
of  power  it  will  most  likely  be  economical  to  allow  a  certain  per- 
centage loss  as  corona  loss  and  in  order  to  do  this,  the  corona 
loss  l^low  the  visual  corona  voltage  should  be  investigated  on 
actual  transmission  lines. 

Regarding  the  losses  during  rain,  which  Mr.  Peek  contends 
should  be  considerably  larger  than  the  fair  weather  losses,  I  had 
no  means  of  knowing  the  weather  conditions  except  at  the  end 
of  the  line,  as  I  stated  in  the  paper. 
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RATING  AND  SELECTION  OF  OIL  CIRCmT  BREAKERS 


BY  E.  M.  HRWLBTT,  J.  N.  MAHONEY  AND  G.  A.  BURNHAM 


Abstract  op  Paper 

On  account  of  the  variable  conditions  in  systems  on  which  cir- 
cuit breakers  are  used,  it  is  impossible  to  give  a  simple  rule 
which  will  cover  the  selection  of  circuit  breakers  for  all  cases. 
The  authors  discuss  the  interpretations  of  the  A.  I.  £.  £.  Stand- 
ardization Rules  covering  the  rating  of  oil  circuit  breakers  and 
consider  the  variable  factors  which  are  involved  in  the  selection 
of  circuit  breakers  for  various  systems.  A  method  is  suggested 
whereby  short-circuit  characteristics  of  various  systems  can  be 
used  for  determining  the  proper  selection  of  oil  circuit  breakers 
for  average  systems.  The  method  does  not  apply  to  very  large 
systems  or  unusual  conditions. 


^  I  'HERE  IS  an  increasing  demand  from  engineers  and  oper- 
*  ators  for  a  more  uniform  statement  from  the  various 
manufacturers  with  reference  to  the  rating  and  recommended 
selection  of  electrical  protective  equipment.  It  appears  that 
simple  concise  statements  might  easily  be  made  that  would 
convey  definitely  the  desired  information,  but  there  are  so  many 
variables  which  enter  into  the  selection  that  a  simple  statement 
to  cover  all  cases  is  impossible. 

The  object  of  this  paper  is,  (1)  to  discuss  the  interpretations 
of  the  A.  I.  E.  E.  rules  covering  the  rating  of  oil  circuit  breakers, 
(2)  to  discuss  the  factors  involved  in  the  proper  selection  of  oil 
circuit  breakers,  and  (3)  to  suggest  average  system  short-circuit 
characteristics  which  can  be  used  for  selecting  oil  circuit  breakers 
for  certain  systems. 

It  is  hoped  that  the  interpretation  given  and  the  data  proposed 
for  oil  circuit  breaker  selection  will  meet  with  the  approval  of 
those  persons  interested  in  this  problem  or  give  rise  to  sugges- 
tions leading  to  improvement. 

The  subject  has  received  careful  consideration  by  the  Stand- 
ards Committees  of  the  American  Institute  of  Electrical  Engi- 
neers and  several  papers  on  this  subject*  have  been  presented 

1.  Rating  of  Oil  Circuit  Breakers,  by  E.  M.  Hewlett,  Transactions, 
A.  I.  £.  £.,  1916;  Rupturing  capacities  of  Oil  Circuit  Breakers,  by  S.  Q. 
Hayes,  Transactions,  A.  I.  £.  £.,  1916;  Rating  of  Oil  Circtiit  Breakers, 
by  G.  A.  Bumham,  Transactions,  A.  I.  £.  E.,  1913. 
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to  the  Institute,  all  of  which  have  resulted  in  bringing  about  a 
clearer  understanding  of  the  various  expressions  and  methods 
used  in  connection  with  the  rating  of  this  class  of  equipment. 

Circuit  breakers  are  classified  according  to  their  rated  pres- 
sure, rated  current,  rated  frequency  and  interrupting  capacity. 

Systems  may  be  classified  according  to  their  normal  operating 
pressiire,  normal  current,  normal  frequency  and  current  tran- 
sients. 

The  rated  pressure  (voltage)  of  a  circuit  breaker  is  the  greatest 
normal  pressure  in  r.m.s.  volts  between  any  two  wires  of  any 
circuit  to  which  the  breaker  should  be  connected. 

The  Standardization  Rules  of  the  American  Institute  of 
Electrical  Engineers  require  that  oil  circuit  breakers  for  voltages 
above  600  volts  withstand  a  dielectric  test*  of  2.25  times  rated 
pressure  plus  2000  volts  for  60  seconds.  Although  not  stated 
in  the  rules  we  infer  that  it  contemplates  a  test  with  the  appa- 
ratus under  dry  conditions. 

The  normal  operating  pressure  of  a  system  is  the  greatest 
pressure  in  r.m.s.  volts  ordinarily  maintained  between  any  two 
conductors. 

The  rated  current  of  a  circuit  breaker  as  defined  by  the  A.  I. 
E.  "E.*  is  "the  normal  r.m.s.  current  which  it  is  designed  to  carry." 
This  rating  is  covered  by  the  following  rule.* 

'Temperature  Tests — Rated  current  at  rated  frequency  shall 
be  applied  continuously  until  the  temperature  becomes  constant. 
The  maximum  temperatures  of  the  various  parts  shall  not  exceed 
the  following  when  the  ambient  temperature  of  reference  is  40 
deg.  cent.: 

Contacts  in  air 60  deg.  cent. 

Oil  and  contacts  therein 70  deg.  cent. 

Coils  (See  sections  376-379  incl.)« 
Other  parts  (see  section  392)* 

Contacts  in  air  may  be  subjected  to  an  ultimate  temperature  at 
70  deg.  cent,  for  periods  of  short  duration. 

2.  Rule  755.  June  1917,  supplement  to  A.I.E.E.,  Standardization  Rules. 

3.  Rule  752,  June  1917,  Supplement  to  A. !.£.£.  Standardization  Rules. 

4.  Rule  754,  June  1917,  Supplement  to  A.I.E.E.  Standardization  Rules. 

5.  The  rules  referred  to  herein,  limit  the  maximum  permissible  tem~ 
perature  rise  of  coils  to  temperatures  determined  by  the  insulating  ma- 
terials used. 

6.  The  rule  referred  to  above  reads  in  part  as  follows:  "All  parts  of 
electrical  machinery  other  than  those  whose  temperature  affects  the 
temperature  of  the  insulating  material  may  be  operated  at  such  temper- 
atures as  shall  not  be  injurious  in  any  other  respect." 
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"The  Institute  recognizes  the  inherent  decrease  in  capacity  of 
switch  and  circuit-breaker  contacts  in  air,  due  to  oxidization  of 
the  contact  surfaces.  The  rating  of  air  switches  and  circuit 
breakers  is,  therefore,  based  on  sufficient  maintenance  to  keep 
the  temperature  within  the  specified  limits." 

The  normal  current  in  a  circuit  of  an  electrical  system  is  the 
rated  current  in  r.m.s.  amperes  for  which  that  circuit  is  designed. 

The  actual  current  may  vary  through  wide  limits  from  day 
•te  day  and  at  different  seasons  of  the  year.  The  upper  limit  for 
continuous  operation  or  the  rated  current  is,  however,  fixed  by 
the  capacity  of  the  conductors  as  determined  by  the  maximum 
allowable  temperature  at  which  the  conductors  and  their  in- 
sulation may  be  operated. 

The  interrupting  (rupturing)  capacity  of  a  circuit  breaker  as 
specified  by  the  Standardization  Rules'  of  the  American  Insti- 
tute of  Electrical  Engineers  is: 

** ^the   highest   r.m.s.    current  at  normal   voltage   which 

the  device  can  interrupt  under  prescribed  conditions  at  stated 
intervals  a  specified  number  of  times." 

It  is  recognized  that  factors  anticipated  in  the  above  rule  as 
the  "prescribed  conditions"  may  affect  the  interrupting  capacity 
of  the  breaker.  Such  factors  are  discussed  under  the  section: 
"Present  Interrupting  Capacity  Rating." 

The  "stated  intervals"  and  "specified  ntmiber  of  times^'  at 
a  given  current  and  pressure  determine  the  duty  imposed  upon 
the  breaker.  The  breaker  interrupting  capacities  in  r.m.s.  am- 
peres published  by  various  manufacturers  are  based  on  an  assum- 
ed duty,  i.e.,  that  the  breaker  will  interrupt  its  rated  r.m.s. 
current  two  times  at  a  two  minute  interval  and  then  be  in  con- 
dition to  be  closed  and  carry  its  rated  current  until  it  is  practicable 
to  inspect  it  and  make  necessary  adjustments. 

The  duty,  including  a  statement  of  the  "prescribed  conditions" 
therefore,  places  a  limit  on  the  interrupting  capacity  of  a  breaker 
and  any  change  in  duty  or  prescribed  conditions  will  necessarily 
affect  the  rated  interrupting  capacity. 

Previous  Interrupting  Capacity  Ratings 
It  has  been  the  practise  in  the  past  to  state  the  interrupting 
capacity  of  circuit  breakers  in  terms  of  the  total  alternator 
capacity  in  kv-a.  at  a  specified  reactance.      In  rating  a  circiiit 

8.  Rule  753,  June  1917,  Supplement  to  A.  I.  E.  E.  Standardization 
Rules. 
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breaker  in  these  terms,  consideration  was  given  to  the  short- 
circuit  characteristics  of  the  machines  together  with  the  charac- 
teristics of  the  circuit  breakers  and  relays. 

The  "arc  kv-a/*  ratings  as  previously  listed  were  derived  by 
multiplying  the  interrupting  capacities  in  amperes  by  an  as- 
sumed value  of  pressure.  This  assumed  value  was  considered 
as  the  probable  pressure  that  would  be  re-established  on  the 
bus  immediately  after  the  short  circuit  was  cleared  or  that 
occurring  during  the  clearing.  The  "arc  kv-a."  rating,  based 
on  the  assumption  that  the  re-established  bus  pressure  will  be 
normal,  can  be  obtained  for  three-phase  circuits  by  multiplying 
the  interrupting  capacity  of  the  breaker  in  amperes  by  the 
normal  pressiu-e  in  volts  of  the  circuit  to  which  it  is  connected, 
and  by  the  factor  1.73  divided  by  1000. 

It  is  to  be  noted  that  the  interrupting  capacity  rating  specified 
by  the  A.  I.  E.  E.  in  r.m.s.  current  anticipates  normal  pressure 
to  be  re-established.  Systems  having  characteristics  such  that 
the  re-established  pressure  during  short  circuit  will  be  higher 
than  normal,  will  require  a  larger  breaker. 

As  power  stations  have  increased  in  capacity,  and  transmis- 
sion and  distribution  net  works  extended,  considerable  reactance 
is  introduced  between  the  alternators  and  the  point  of  short 
circuit  which  limits  the  current  appreciably,  and  the  total 
alternator  capacity  is  no  longer  a  measure  of  the  severity  of  the 
short  circuit.  Service  considerations  are  becoming  more  severe 
and  larger  and  more  expensive  circuit  breakers  are  required. 
A  method  of  bating  circuit  breakers  that  will  allow  of  more 
accurate  selection  for  a  wide  range  of  conditions  is  desirable. 

Present  Interrupting  Capacity  Rating 
The  rating  of  a  circuit  breaker  in  r.m.s.  current  interrupted  at 
normal  operating  pressure  simplifies  the  selection  of  a  proper 
breaker  for  a  given  service  condition.  Such  a  rating  makes 
comparative  tests  possible  if  a  sufficient  amoimt  of  power  is 
available. 

In  the  A.  I.  E.  E.  rule  establishing  this  rating  it  is  qualified 
by  the  words  "prescribed  conditions".  It  is  generally  recog- 
nized, indicated  by  test  and  by  the  operation  of  circuit  breakers 
in  service,  that  the  power  factor  or  the  stored  electrostatic 
and  magnetic  energy  of  the  system  are  among  the  conditions 
affecting  the  interrupting  capacity  at  a  given  r.m.s.  current. 
During  the  current-opening  periods  an  arc  is  established,  and 
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the  current  and  voltage  relations  during  this  period  are  much 
more  complicated  than  the  simple  phase*angle  relation  covered 
by  the  statement  of  power  factor.  Furthermore,  the  arc  may 
be  re-established  under  transient  voltage  conditions,  still  further 
complicating  the  phenomena.  The  theoretical  and  empirical 
data  available  on  the  effect  of  these  conditions  on  the  work  done 
by  the  breaker  are  not  at  present  adequate  for  the  authors  to 
prescribe  any  particular  power  factor  for  test,  or  to  suggest  any 
method  for  generkl  use,  to  take  into  account  the  power  factor 
and  energy  storage  characteristics  for  all  systems.  These  factors 
are  of  special  importance  when  a  breaker  of  relatively  small 
interrupting  capacity  is  connected  to  a  large  system  in  such  a  way 
that  the  breaker  may  aflford  the  only  outlet  for  the  stored  energy 
of  the  system.  Such  influences,  while  extremely  difficult  to  take 
into  account,  will  not  differ  widely  in  average  systems.  They 
are  taken  into  account  in  a  general  way  in  the  factor  of  safety 
employed  in  the  rating  of  a  breaker  and  their  effects  need  not 
be  considered  in  ordinary  individual  problems. 

Selection  of  breakers  for  imusual  conditions,  large  systems, 
or  those  involving  large  investment,  should  be  checked  with  the 
manufacturers. 

For  average  systems,  a  determination  of  the  r.m.s.  current 
that  will  flow  at  the  instant  the  contacts  part,  irrespective  of 
power  factor  or  circuit  conditions,  will  enable  one  to  select  the 
proper  circuit  breaker. 

Determination  of  Short-Circuit  Current 
In  order  to  determine  the  r.m.s.  current  that  the  circuit 
breaker  will  be  required  to  open,  an  analysis  of  short-circuit 
phenomena  on  an  alternating-current  net  work  is  necessary, 
and  it  may  be  desirable  to  call  attention  to  some  of  the  condi- 
tions under  which  circuit  breakers  may  be  called  upon  to  function. 
Short-circuiting  a  system  at  any  point  permits  an  abnormal 
current  to  flow  immediately  in  that  system.  The  amount  and 
persistency  of  this  current  rush  depend  upon  the  characteristics 
of  the  synchronous  apparatus  connected  to  the  system  at  the 
time,  and  upon  the  impedance  in  circuit  between  the  s3mchron- 
ous  apparatus  and  the  point  of  short  circuit.  The  value  of 
r.m.s.  current  which  the  circuit  breaker  will  be  called  upon  to 
interrupt,  will  depend  upon  the  length  of  time  that  elapses 
between  the  start  of  short  circuit  and  the  parting  of  the  contacts 
as  will  be  seen  from  the  following  analysis  of  short  circuits. 
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The  greatest  transient  disturbance  of  the  system  which  can 
occtir  at  the  point  of  application  of  the  circuit  breaker  when  the 
system  is  short-circuited,  governs  the  selection  of  a  suitable 
breaker.  A  diagram  showing  the  current  flowing  in  one  phase 
of  the  external  circuit  when  a  system  is  short-circuited  under 
ordinary  operating  conditions,  is  shown  in  Fig.  1.  In  this 
diagram  0  is  the  origin  of  the  co-ordinates  and  is  taken  at  the 
instant  at  which  the  short  circuit  occiu^.  OX  is  the  axis  of 
abscissas  and  the  abscissas  lepresent  time.  0  F  is  the  axis  of 
ordinates  and  the  ordinates  represent  current.  CP  is  a  curve 
passing  through  the  maxima  of  the  wave  of  the  total  current  and 
£  F  is  a  curve  passing  through  the  minima.     ^4  5  is  a  curve 


Fig.  1 

Generator  characteristics — illustration  of  behavior  of  generator  current  when  short  cir- 
ctiited  from  full  load  at  0.8  power  factor 

which  cuts  the  vertical  everywhere  midway  between  CD  and 
EF. 

The  wave  of  total  current  whose  crests  lie  along  curve  C  D  and 
E  F  and  whose  ordinates  are  measured  from  the  axis  0  X  may 
be  regarded  as  having  two  components,  namely, 

1.  A  direct  component 

2.  An  alternating  component. 

The  direct  component  is  represented  at  any  time  by  the  ordinate 
to  the  curve  -4  5  or  at  the  time  x  by  the  ordinate  G  H. 

The  alternating  component  is  a  wave  whose  crest  value  at  any 
time  is  the  difference  between  the  ordinates  to  the  curves  CD 
and  A  B.  This  difference,  at  the  time  x,  has  the  value  H  J. 
The  r.m.s.  values  of  this  alternating  component  are  shown  on 
curve  S  T,  At  any  instant  this  component  is  considered  to  have 
the  same  r.m.s.  value  as  an  alternating  wave  of  constant  ampli- 
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tude  whose  crest  value  is  represented  by  one  half  the  distance 
between  curves  C  D  and  £  F  at  that  instant. 

The  r.m.s.  value  of  the  total  current  wave  under  short  circuit 
at  any  instant  is  the  square  root  of  the  sirni  of  the  squares  of 
the  value  of  the  direct  component  and  the  effective  value  of  the 
alternating  component  at  that  instant.  It  is  represented  by  the 
ciuve  R.  T.  This  r.m.s.  value  of  the  total  current  at  the  time 
of  parting  of  the  circuit-breaker  contacts  is  used  in  making 
circuit-breaker  applications. 

The  r.m.s.  current  at  any  point  of  a  system  under  short- 
circuit  conditions  is  affected  by  the  following  factors. 

1.  The  total  kv-a.  reactance  and  transient  characteristics  of 
the  synchronous  machines  connected  to  the  system. 

2.  Number,  reactance,  resistance,  capacitance  and  arrange- 
ment of  all  circuits  over  which  power  can  be  supplied  to  the 
pcnnt  of  short  circuit. 

3.  The  kv-a.,  arrangement,  resistance,  reactance  and  capaci- 
tance  of  all  reactors  and  transformers  through  which  power  can 
be  supplied  to  the  point  of  short  circuit. 

4.  Contact  resistance  at  the  short  circuit. 

5.  The  nature  of  the  short  circuit,  whether  single-phase  or 
multiphase. 

6.  The  kv-a.  and  power  factor  of  the  load  being  carried  at 
the  time  of  the  short  circuit. 

7.  The  point  of  the  pressure  wave  at  which  the  short  circuit 
was  established. 

8.  The  use  of  automatic  voltage  regulators. 

The  short-circtiit  transient  for  systems  may  be  determined  by 
test,  by  calculation  or,  less  closely,  by  assxmiption.  Obviously, 
the  determination  by  test  for  all  circuits  of  a  large  system  is 
expensive  and  involves  considerable  time  and  interruption  to 
service.  This  will  be  practicable  in  but  few  cases.  The  determ- 
ination by  calculation  is  also  a  matter  of  considerable  labor  but 
is  feasible  if  only  the  important  factors  listed  above  are  consid- 
ered. Practical  approximate  selection,  suflSciently  accurate  for 
many  cases  can  be  made  by  using  only  reactance  and  an  ac' 
cepted  group  of  time-current  decrement  curves. 

Suggested  decrement  curves  are  shown  on  Figs.  2  and  3  and 
their  ordinates  on  Table  I. 

These  curves  are  based  on  the  following  assumptions:  Tran- 
sient characteristics  for  alternators  of  normal  design  determined 
from  oscillograph  tests:  That  the  effect  of  capacitance  and 
resistance  is  neglecte4:  That  the  contact  resistance  ^t  §hort 
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circuit  is  zero:  That  the  alternator  is  carrying  full  load  80  per 
cent  power  factor:  That  the  short  circuit  was  established  at  the 
point  of  the  pressure  wave  corresponding  to  maximum  possible 
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Fig.  2 

System  short-circuit  characteristics — 8,  10.  12,  15.  20  and  30  per  cent  total  reactance 
based  on  total  kv-a.  rating  of  synchronous  machines 

Time-current  curves — r.  m.  s.  current  in  terms  of  total  full-load  current  of  machines — 
initial  full  load  at  0.8  power  factor  assumed 

instantaneous  current:  That  no  automatic  voltage  regulators 
are  used. 

These  curves  differ  from  those  that  have  been  usually  con- 
sidered m  the  past  for  two  reasons:  first,  r.m.s.  values  are  used 


"O     02   0.4    Oj6    OB    10    U     U    1.6    IJ&    2Xi    Z2    2A    2,6    2B   3i} 
TIME  IN  SECOrtDS 

Fig.  3 

System  short-circuit  characteristics — 40,  60.  60.  75,  100.  125  and  150  per  cent  total 
reactance  based  on  total  kv-a.  rating  of  synchronous  machines 

Time-current  curves — r.  m.  s.  current  in  terms  of  total  full-load  current  of  machinee— 
Initial  full  load  at  0.8  power  factor  assumed 

instead  of  peak  values;  and  second,  the  effect  of  the  increased 
flux  existing  under  the  load  condition  assumed  has  been  taken 
into  account. 

The  effect  of  uging  r.m.s.  values  i^stea4  of  p^ajc  v.^ues  is  tp 
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appreciably  reduce  the  ratio  between  short-circuit  and  rated 
amperes.  For  example,  assuming  10  per  cent  reactance  and  a 
short-circuit  current  containing  the  maximum  possible  direct 
component,  the  ratio  of  the  peak  value  of  the  first  alternation 
of  the  short-circuit  current  to  the  peak  value  of  rated  current  is 
roughly  twenty.  Under  the  same  conditions  the  ratio  of  the 
r.m.s.  value  of  the  first  alternation  of  the  short-circuit  current  to 
the  r.m.s.  value  of  the  sinusoidal  rated  current  is  roughly 
seventeen. 

The  effect  of  using  the  flux  at  rated  voltage  and  the  assumed 
load  instead  of  at  rated  voltage  and  no-load  is  to  increase  the 
short-circuit  current  by  a  somewhat  less  percentage  than  the 
alternator  reactance  percentage.  This  effect  in  alternators  of 
low  reactance  relatively  is  unimportant  but  assumes  increasing 
importance  as  the  alternator  reactance  increases. 

The  characteristic  shapes  of  the  time-current  decrement  curves 
have  been  arrived  at  by  analysis  of  alternator  tests  including 
oscillograph  studies  of  short  circuits  occurring  when  the  alterna- 
tors were  excited  to  full  voltage  and  were  carrying  various  loads 
at  various  power  factors. 

In  the  curves  for  total  reactances  up  to  and  including  20  per 
cent,  the  reactance  is  asstuned  to  be  wholly  within  the  alternator 
and  for  higher  values  of  reactance  the  alternators  were  taken  at 
20  per  cent  and  due  allowance  made  by  calculation  for  the  effect 
of  the  external  reactance.  In  the  latter  case,  if  alternators  of 
other  reactance  had  been  assumed  the  results  would  have  been 
somewhat  different  but  the  error  is  not  large  enough  to  be  of 
practical  importance. 

The  final  values  of  the  current  i.e.,  the  sustained  short-circuit 
current,  have  been  assumed  in  accordance  with  experience  and 
tests  and  are  based  on  the  behavior  of  machines  of  normal  design. 

The  study  of  representative  oscillograms  of  short-circuit  tests 
showed  that  in  most  cases  the  direct  component  disappeared 
within  0.5  second  and  that  the  transient  portion  of  the  alternat- 
ing component  disappeared  within  3.0  seconds.  These  time 
values  have  therefore  been  used  in  constructing  the  characteristic 
ciu-ves. 

Several  alternators  with  the  same  reactance  and  synchronous 
impedance  will  not  necessarily  have  the  same  rate  of  r.m.s. 
current  decay.  This  has  been  considered  in  constructing  the 
characteristic  curves  and  they  may  safely  be  taken  as  represent- 
ing the  greatest  r.m.s.  currents  that  will  be  given  by  modem 
alternators  of  normal  design. 
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These  curves  are  applicable  for  selecting  circuit  breakers  for 
systems  as  follows 

1.  Single  machines  without  external  reactance. 

2.  Single  machines  in  combination  with  external  reactance. 

3.  Multiple  machines  with  no  external  reactance. 

4.  Multiple  machines  in  combination  with  external  reactance. 

Examples 

In  order  to  illustrate  the  use  of  these  curves  in  making  oil 
circuit-breaker  selections,  the  following  examples  are  given: 

Example  1.  (Arrangement  of  apparatus  shown  in  Fig.  4.) 
Alternator  rating  5000  kv-a.,  2300  volts  three-phase,  1250  am- 
peres. Breaker  contacts  part  in  0.25  second  after  start  of  short 
circuit.  From  table,  under  12  per  cent  reactance,  we  find  that 
at  0.25  second  the  current  will  be  5.54  times  normal,  therefore 


5000  Kva.  129b 
Reactance  Generator 


5000  Kva.  12* 
Reactance  Alterna** 


2300  Volt  Bus 


■«— 2300  Volt  Bus 


-4*  Reactance  on  2500  Kva. 

Short  Circuit         I  *■*-»— Short  Circuit 

Fig.  4  Fig.  6 

the  short-circuit  current  equals  5.54  X  1250  amperes  =  6950 
amperes. 

Example  2.  (Arrangement  of  apparatus  shown  in  Fig.  5.) 
Alternator  rating  5000  kv-a.,  2300  volts,  three-phase,  1250  am- 
peres. Feeder  rating  2500  kv-a.  Feeder  reactance  4  per  cent 
based  on  2500  kv-a.  Breaker  contacts  part  in  0.25  second 
after  start  of  short  circuit. 

Alternator  reactance  based  on  5000  kv-a.    =   12  per  cent 
Feeder  "  "     "      "        "     =     8  per  cent 

Total  ''  "     "      "        "     =  20  per  cent 

From  the  table  under  20  per  cent  reactance,  we  find  that  at 
0.25  second  the  current  will  be  3.82  times  normal,  therefore  the 
short-circuit  current  equals  3.82  X  1250  amperes  =  4780  am- 
peres. 
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Example  3.  (Arrangement  of  apparatus  shown  in  Pig.  6.) 
Alternator  i4  rated  2000  kv-a.,  2300  volt,  three-phase 

reactance  =  8  per  cent 
Alternator 5  rated  5000  kv-a.,  2300  volt,  three-phase 

reactance  =  12  per  cent 
Alternator  Crated  8000  kv-a.,  2300  volt,   three-phase 

reactance  =  16  per  cent 

Total  alternator  kv-a.,  15,000 

Normal  current  based  on  15,000  kv-a.,  2300  volts  =  3760  amperes. 

Breaker  contacts  part  in  0.4  second  after  start  of  short  circuit. 

Alternator  i4  reactance  based  on  15,000  kv-a.  =  60  per  cent 
B     "  "       "      "  "    =  36  per  cent 

C     "  "       "       "  "    =  30  per  cent 

Total  reactance  at  bus  =  1/60  +  1/36  +  1/30  =  12.9  per  cent. 


,^2300  Volt  Bus 


f  From  the  table,  interpolating  between  12  per  cent  and  15 
per  cent  reactance,  we  find  that  at  0.4  second  the  current  will  be 
4.53  times  normal;  therefore,  the  short-circuit  current  equals 
4.53  X  3760  amperes  =  17,030  amperes. 

Example  4.  (Arrangement  of  apparatus  shown  in  Fig.  7.) 
Same  as  example  3,  excepting  that  power  is  distributed  over 
2600  kv-a.  feeders  in  which  are  installed  current  limiting 
reactors  having  a  reactance  of  3  per  cent  based  on  2500  kv-a. 

Breaker  contacts  part  in  0.4  second  after  start  of  short  circuit. 

Total  alternator  reactance  based  on  15,000  kv-a.   =   12.9  per  cent 

Feeder        "  "      "      "         "       =   18     percent 

Total        "  "      "      "         "       =  30.9  per  cent 

From  the  table  using  30  per  cent  reactance,  we  find  that  at 
0.4  second  the  current  will  be  2.57  times  normal:  therefore,  the 
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short-circuit  current  equals  2.57  X  3760  amperes  =  9650  am- 
peres. 

Example  5.  (Arrangement  of  apparatus  shown  in  Pig.  8.) 
Breaker  contacts  part  in  0.1  second  after  start  of  short  circuit. 

Alternators  same  as  for  example  3. 

Transformer  banks  each  7500  kv-a. ;  reactance  =  6 J  per  cent 
based  on  7500  kv-a. 

Lines:  20  miles  of  1/0  copper;  reactance  =  5.5  per  cent  based 
on  7600  kv-a.  at  60  cycles  and  44,000  volts  with  4-ft.  conductor 
spacing. 

A  B 


^2300  Volt  Bus 


Short  Circuit 
Pig.  7 


Total     alternator    reactance  based  on  15,000  kv-a.  =  12.9 
per  cent. 
Parallel  reactance  of  step  up  transformers 

based  on  15,000  kv-a.  =  6.25  per  cent 
"  lines 

based  on  15,000  kv-a.   =  5.5    per  cent 
"  "         "  step-down  transformers 

based  on  15,000  kv-a.   =  6.25  per  cent 


Total  reactance =  30.9  per  cent 

From  the  table,  using  30  per  cent  reactance,  we  find  that  at 
0.1  second  the  current  will  be  3.41  times  normal.  The  normal 
current  based  on  15,000  kv-a.,  11,000  volts,  three-phase  =  788 
amperes;  therefore,  the  short-circuit  current  equals  3.41  X  788 
amperes  »  2690  amperes. 

Example  6.  (Arrangement  of  apparatus  shown  in  Fig.  9.) 
Breaker  contacts  part  in  0.4  second  after  start  of  short  circuit. 
Conditions  same  as  for  example  5  except  that  a  475-kv-a., 
2300-volt  feeder  has  been  added  to  the  low- voltage  distribution. 
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Transformer  reactance,  3  per  cent  based  on  475  kv-a. 
Total  reactance  up  to  11, 000- volt  bus 

based  on  15,000  kv-a.   =  30.9  per  cent 
Feeder  transformer  reactance 

based  on  15,000  kv-a.   «   94.5  per  cent 


Total  reactance  based  on  15,000  kv-a.  =  125.4 percent 

Prom  the  table,  using  125  per  cent  reactance,  we  find  that 
at  0.4  second  the  current  will  be  0.87  times  normal.  The  normal 
current  based  on  15,000  kv-a.,  three-phase  2300  volts  =  3760 


r2300  Volt  Bus 


7500  Kv4.  Transformer  Bank 


naAA/  naa/v 


7500  Kv-a.  Transformer  BanK 


11000  Voft  Bus 
Short  Circuit 


Fig.  8 


amperes,  therefore  the  short-circuit  current  equals  0.87  X  3760 
amperes  =  3270  amperes. 

With  reactance  of  125  per  cent  or  higher  values,  the  alter- 
nator portion  of  the  total  reactance  becomes  of  small  importance. 
In  example  6  for  instance,  we  have  a  total  reactance  of  125.4 
per  cent.  The  alternators  in  this  example  have  a  reactance  of 
12.9  per  cent.  If  the  reactance  of  the  external  circuit  only  is 
considered  we  have  a  total  reactance  of  125.4  per  cent  —  12.9 
per  cent  =  112.5  per  cent. 
The  short-circuit  current  on  this  basis  would  be 

100 
jr^  X  normal,  or  0.890  X  3760  =  3340  amperes. 
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Comparing  this  value  with  the  3270  amperes  obtained  by  con- 
sidering the  alternator  reactance  we  have  an  error  of  approxi- 
mately 2  per  cent. 

If  the  total  reactance  is  greater  than  about  125  per  cent  or 
150  per  cent,  the  error  will  be  even  less  than  2  per  cent.  For 
values  of  external  reactance  in  excess  of  the  table  values  the 
alternator  reactance  may  be  omitted. 


2300  Volt  Bus 


A/WV  ^500  Kv^. 

JL       Transformer  Bank 


7500  Kv-a 
Transformer  Bank 

11000  Volt  Bus 


475  Kv-a. 

Transformer  Bank 

2300  Volt  Bus 

Short  Circuit 


Fig.  9 


Precautions 

The  data  given  for  the  selection  of  oil  circuit  breakers  is 
applicable  only  to  average  systems.  Therefore,  a  short  discus- 
sion of  other  factors  requiring  separate  or  more  detailed  attention 
seetns  worthy. 

Automatic  voltage  regulators  may  introduce  system  transients 
differing  from  those  which  occur  on  systems  not  so  equipped. 

When  the  alternators  are  equipped  with  automatic  voltage 
regtilators  such  regulators  will  increase  the  excitation  after  a 
short  circuit  in  the  endeavor  to  hold  normal  voltage  on  the  bus 
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bars.  The  maximum  voltage  which  can  be  obtained  from  the 
exciters  will  ordinarily  be  not  more  than  50  per  cent  greater 
than  that  required  at  full  load,  80  per  cent  power  factor  on  the 
alternators.  'Under  short  circuit,  the  alternator  tenninal  voltage 
is  reduced,  hence  the  resultant  flux  density  in  the  alternator  iron 
is  also  reduced.  A  given  increase  in  excitation,  therefore,  pro- 
duces a  proportionate  increase  in  current  flowing  in  the  short 
circuit.  Hence,  as  we  have  assiuned  the  excitation  to  increase 
50  per  cent,  the  sustained  short-circuit  current  will  be  approxi- 
mately 50  per  cent  greater  than  the  sustained  current  due  to 
full-load  80  per  cent  power  factor  excitation. 

An  appreciable  time,  however,  is  reqtdred  for  the  excitation 
to  increase  to  its  maximtun  value.  During  the  first  half  second 
the  amount  of  short-circuit  current  is  not  affected  by  the  presence 
of  the  voltage  regtilator,  but  from  this  time  on  the  current  curve 
is  higher,  reaching  the  value  at  the  end  of  two  to  three  seconds 
of  60  per  cent  greater  than  the  current  without  the  regulator. 

An  exception  to  the  above  appears  when  the  external  reactance 
is  so  high  and  the  short-circuit  current  so  limited  that  the  regu- 
lator  is  able  to  maintain  normal  voltage  at  the  generator  terminals. 
In  such  cases  the  sustained  current  may  not  be  increased  as 
much  as  60  per  cent,  but  will  be  limited  to  the  .current  which 
will  pass  through  the  external  reactance  with  normal  voltage 
impressed  upon  it. 

The  interval  between  the  occtirrence  of  the  short  circuit  and 
the  parting  of  the  circuit  breaker  contacts  has,  as  study  of  the 
selection  curves  will  show,  an  appreciable  bearing  on  the  oil 
circuit  breaker  that  will  be  selected.  The  time  values  usually 
given  for  the  operation  of  breakers  asstune  that  the  breakers 
have  been  properly  maintained  and  that  their  operation  will 
not  be  impaired  by  factors  resulting  from  neglect  of  maintenance 
or  adjustment. 

It  is  believed  that  the  manufacturers  of  oil  circuit  breakers 
should  publish  information  similar  to  that  outlined  in  this  paper 
to  serve  not  only  as  a  guide  in  the  application  of  electrical 
protective  devices  but  also  to  assist  in  bringing  about  a  more 
uniform  selection  and  a  better  understanding  of  the  various 
expressions  and  methods  used  in  connection  with  the  rating  of 
this  class  of  equipment. 
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Discussion  on  "Rating  and  Selection  op  Oil  Circuit 
Breakers  (Hewlett,  Mahoney  and  Burnham),  New 
York,  February  15,  1918. 

E.  M.  Hewlett:  What  we  have  been  struggling  with  is  to 
make  a  "Bench  Mark"  from  which  we  can  all  start  and  work  out 
a  common  language.  In  the  past  the  folks  who  were  working 
on  generators,  on  reactances,  on  transformers  and  on  the  lines 
outside,  had  each  their  own  problems  and  their  own  equations, 
which  caused  much  confusion,  and  this  confusion  was  further 
added  to  because  they  did  not  all  use  words  in  the  same  way. 

Then,  as  to  the  quantity  and  character  of  amperes  used — 
when  W6  were  called  upon  to  interrupt  larger  capacities  as  the 
generator  grew  larger,  we  asked  the  question,  what  is  the  cur- 
rent we  are  to  interrupt  ?  We  were  told  by  the  calculators  that 
it  was  about  three  times  full-load  current, —  but  we  knew  we 
were  experiencing  currents  much  larger,  that  is  to  say,  we  felt 
this  even  before  we  had  the  oscillograph  and  before  we  could 
ten  anything  from  the  swing  of  the  ammeter,  etc.  Finally  we 
obtained  an  oscillograph  and  discovered  that  we  had  swings 
that  ran  up  many  times, — ^ten  times  or  so.  But  then  in  figttring 
these  amperes,  sometimes  figured  from  the  zero  line,  sometimes 
symmetrically  and  sometimes  unsymmetrically,  we  found  it 
very  cKfficult  to  get  an  agreement,  thus  the  papers  presented  in 
Boston  a  year  or  so  ago  started  the  work  of  bringing  the  terms 
together. 

In  our  work  on  this  paper  with  the  different  companies,  we 
have  looked  over  the  various  generator  curves  and  determined 
their  characteristics,  how  they  average,  etc.,  and  have  found 
that  it  was  possible  to  do  a  thing  that  we  did  not  think  would 
be  possible,  that  is,  to  make  a  general  characteristic  curve  that 
was  close  enough  to  be  within  a  negligible  error.  We  realized  that 
there  may  be  machines  above  and  below  that  curve,  but  con- 
sider those  as  special  conditions,  and  they  should  be  recognized 
and  considered  as  such. 

Now,  as  to  the  testing  equipments,  and  the  different  tests 
to  determine  the  rupturing  capacity,  etc.,  we  have  been  getting 
larger  tests  and  tests  on  different  plants. 

Of  course,  it  is  very  difficult  to  get  the  use  of  the  line  and  the 
plant  to  test  100,000  kw.,  etc.,  so  that  we  have  only  been  able 
to  establish  a  series  of  tests  on  smaller  capacities,  and  have  had 
to  depend  on  the  tests  in  operation,  inddental  short  circuits, 
etc.,  and  the  readings  taken  at  that  time  and  observations  made 
that  would  indicate  the  limits  of  switches,  so  as  to  give  a  rating. 

We  hope  later  to  be  able  to  make  tests  and  to  check  up  and 
settle  definitely  all  of  these  different  ratings.  The  work,  however, 
will  be  carried  on  as  rapidly  as  possible,  and  the  line  extended  as 
capacities  are  available  and  as  different  tests  are  made  available. 

The  information  that  we  get  in  reference  to  the  effectiveness 
of  the  circtiit  breakers,  etc.,  is  very  conflicting.  We  find  that 
one  man  will  say,  "Why,  yes,  jt  works  fine,    It  opened  the 
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circuit."  Then  you  ask  him,  "Well,  what  happened  to  the  cir- 
cuit-breaker.'* He  will  reply,  **well,  we  got  the  circuit  breaker 
fixed  up  before  we  could  get  the  trouble  fixed  up,  but  that  was 
all  right."  Another  man  will  say,  *'We  had  a  great  deal  of 
trouble."  Probably  he  had  blown  out  a  half  pint  of  oil  and  that 
had  bothered  him,  so  that  the  different  viewpoints  of  the  user  are 
not  standardized,  either. 

The  kilowatt  rating  that  we  formerly  used  was  a  great  con- 
venience up  to  a  certain  point,  and  we  will  have  now  a  kilowatt 
rating  to  be  used  on  transformers;  that  is,  a  transformer  limit, 
a  rating  that  wiU  show  the  size  of  transformers  that  can  be  used 
with  a  given  breaker,  to  limit  the  capacity  and  make  the  breaker 
of  easier  application. 

If  we  can  get  any  constructive  criticism  and  help  as  to  what 
can  be  done  in  the  way  of  getting  tests,  and  in  standardizing 
so  that  we  can  use  the  information  we  have,  that  is,  the  fund- 
amental characteristics  and  r.  m.  s.  current  values,  we  will 
feel  as  though  quite  a  step  will  have  been  made,  and  other 
papers  will  be  brought  out  from  time  to  time  that  will  finally 
put  the  industry  in  this  respect  more  in  the  shape  of  a  science 
than  of  an  art. 

J.  N.  Mahoney:  In  reference  to  the  data  suggested,  in  this 
paper,  as  the  basis  of  comparison  of  "Interrupting  capacity" 
rating  between  the  different  manufacturers.  Some  may  question 
the  data,  as  not  being  derived  from  service  practise.  We  state 
the  device  obeys  Institute  Rules  regarding  "duty"  rating  by 
interrupting  specified  power  two  times  at  a  two-minute  interval. 
In  practise  there  are  all  degrees  of  requirement,  ten  operations 
some  want,  and  others  are  satisfied  with  a  single  successful 
interruption.  The  natural  trend  of  practise  is  that  requirements 
are  not  constant — they  change  from  operation  to  operation, 
whereas  the  condition  specified  by  the  Institute  rule  is  necessar- 
ily constant,  such  as  a  given  maximum  of  amperes.  We  assume 
that  the  usual  short-circuit  current  may  be  only  a  fraction  of 
the  current  interrupting  guarantee  specified  which  contem- 
plated maximum  conditions.  In  practise  we  have  found  that 
interrupting  the  actual  maximum  two  times  at  a  two-minute 
interval  permits  of  more  operations  under  average  conditions. 
The  current  is  less,  maybe  one-half,  and  you  get  approximately 
ten  operations  with  little  depreciation  of  the  breaker  details, 
as  the  "short"  is  out  on  the  line  and  not  at  the  breaker.  I 
mention  this  so  that  it  will  not  be  inferred  that  two  operations 
are  the  only  duties  the  breaker  is  good  for.  It  is  good  for  all 
the  operations  you  want  as  long  as  the  oil  and  contacts  are 
in  reasonable  condition. 

Henry  R.  Summerhayes:  In  the  paper  there  is  mentioned 
the  present  interrupting  capacity  rating,  and  in  connection  with 
that  rating  the  words  "prescribed  conditions"  are  used.  I  want 
to  make  some  conmients  on  "prescribed  conditions."  They 
were  presumably  put  in  the  Institute  Rules  as  to  interrupting 
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capacity  in  order  to  allow  conditions  to  be  described,  when  we 
knew  enough  about  the  theory  of  the  circuit  breaker  operations 
to  describe  conditions  under  which  tests  could  be  made.  The 
theory  is  not  in  a  very  satisfactory  state.  Of  course,  it  is 
generally  recognized  that  the  work  imposed  on  the  circuit  breaker 
is  the  kv-a.  used  up  or  dissipated  in  the  circuit  breaker  during 
the  time  it  is  opening,  and  another  element  that  may  appear 
to  have  a  bearing  on  that  and  at  first  sight  a  very  simple  re- 
lation is  the  power  factor  of  the  current  flowing  in  the  short 
circuit. 

If  the  current  wave  and  the  voltage  wave  are  in  phase,  100 
per  cent  power  factor,  and  if  according  to  observations,  as  cir- 
cuit breakers  ordinarily  do,  the  circuit  is  opened  at  the  zero  of 
the  current  wave,  the  voltage  wave  is  at  that  time  zero,  and  there 
is  little  tendency  to  establish  the  arc.  If,  on  the  other  hand, 
you  have  90  deg.  lag.,  so  that  the  current  ceases  to  flow  at 
the  moment  when  the  voltage  is  at  a  maximum  you  apparently 
have  the  worst  condition,  the  tendency  to  re-establish  the  arc, 
due  to  voltage  being  high. 

In  the  case  of  most  of  the  short  circuits  the  reactance  in  the 
circuit  predominates,  and  the  power  factor  is  low,  ordinarily 
varying  from  zero,  or  nearly  zero  to  about  20  per  cent.  With 
that  variation  perhaps  the  voltage  wave  is  fairly  flat,  and  at  nearly 
the  maximum  voltage,  so  that  ordinary  variations  of  the  power 
factor,  theoretically,  shotild  not  make  much  difference  in  the 
working  of  the  circuit  breaker,  but  if  the  power  factor  is  very 
high,  then  the  work  is  apparently  less.  That  is  based  on  the 
assumption  that  the  current  and  voltage  during  the  period  of  cir- 
cuit breaker  opening  follow  a  sine  wave.  From  this  point  of 
view  it  would  appear  that  the  work  imposed  on  a  circuit  breaker 
would  not  vary  much  for  power  factors  from  zero  to  about  20  per 
cent,  because  if  the  current  and  voltage  during  the  period  of 
circuit  breaker  opening  follow  sine  waves,  and  the  current 
ceases  to  flow  at  zero  of  the  current  wave,  the  voltage  tending 
to  re-establish  the  arc  will  be  nearly  at  the  maximum  point  of 
its  wave,  for  a  variation  of  power  factor  from  zero  to  about  20 
per  cent. 

However,  the  arc  in  the  breaker  may  set  up  oscillations  in 
the  system  superimposing  high  frequencies  on  the  simple  sine 
waves  with  reestablished  voltages  in  the  circuit  breaker  higher 
than  the  circuit  voltage,  and  with  varying  phase  relation  be- 
tween the  voltage  and  current,  so  the  simple  relations  no  longer 
exist,  and  it  is  difficult  to  determine  by  test  or  in  any  other  way 
the  actual  power  factor  existing  at  that  time. 

It  is  generally  assumed  that  the  presence  of  high  reactance 
and  low  power  factor  in  the  circuit  increases  the  electromagnetic 
storage  of  energy  which  may  have  to  be  dissipated  in  the  cir- 
cuit breaker  by  these  oscillations,  and  therefore  may  present 
a  severer  condition  for  the  breaker  to  handle  than  when  the 
current  in  the  circuit  is  limited  chiefly  by  the  resistance  which 


Digitized  by  VjOOQIC 


142  OIL  CIRCUIT  BREAKERS  [Feb.  15 

absorbs  the  energy  of  oscillation.  According  to  that  view,  the 
observed  fact  that  the  drctiit  breaker  has  an  easier  time  when  the 
power  factor  is  high  may  depend  on  the  absorption  of  the  energy 
oscillations  by  resistance;  that  is,  the  resistance  in  the  circuit 
predominates  rather  than  being  dependent  directly  on  the  power 
factor.  The  power  factor  during  short  circuit  may  also  be 
affected  by  the  resistance  in  the  arc. 

Due  to  these  considerations  it  wotJd  appear,  as  stated  in 
the  paper,  that  the  data  available  are  not  sufficient  to  state  how 
much  the  interrupting  capacity  of  the  breaker  is  affected  by 
the  relative  resistance,  reactance  and  capacitance  of  the  circuit. 
Apparently  we  have  not  enough  data  to  prescribe  at  what  power 
factor  the  tests  should  be  made. 

As  the  authors  point  out,  the  average  circuit  has  parallel 
feeders  and  the  breaker  will  seldom  be  required  to  dissipate 
all  of  the  stored  energy  of  the  system;  in  other  words,  when  you 
have  parallel  feeders  with  more  or  less  non-inductive  load, 
it  is  thought  that  these  act  as  a  resistance,  and  take  up  part  of 
the  energy.  If  you  set  up  test  conditions,  with  all  of  the  gener- 
ators running,  and  a  single  feeder,  and  have  the  circuit  breaker 
on  that  feeder,  it  is  a  more  severe  condition  than  if  the  breaker 
opens  the  same  amperes,  but  with  three  feeders  running  in 
multiple. 

It  is  believed  that  average  systems  are  generally  similar  as 
to  the  conditions  of  stored  energy,  electrostatic  and  electro- 
magnetic, so  that  the  test  conditions  are  generally  more  severe 
than  the  service  conditions,  and  the  curves  given  in  the  paper 
will  probably  be  safe  for  nearly  all  conditions. 

W.  W.  Willard:  The  statement  is  made  that  the  accurate 
calculation  of  the  currents  that  will  result  from  short  circuit  is 
usually  not  practicable,  because  of  the  dearth  of  data  for  the 
purpose,  and  also  because  of  the  alternator  power;  and  certain 
suggested  diagrammatic  curves,  shown  in  Figs.  2  and  3,  are 
offered  as  a  means  of  determining  the  excess  currents  that  will 
result  in  varying  cases  from  short  circuits. 

It  is  worth  while  to  note,  however,  that  under  "Precautions," 
the  data  given  for  the  selection  of  oil  circuit  breaJcers  are  applica- 
ble only  to  average  systems.  We  are  also  reminded  that  the 
selection  of  circuit  breakers  for  unusual  conditions,  large  systems, 
etc.,  should  be  checked  with  the  manufacttirers.  One  of  the 
sets  of  conditions  under  which  this  would  seem  to  be  desirable 
is  suggested.  This  suggestion  reminds  us  that  the  curve  indi- 
cated for  this  purpose  should  take  into  account  the  nature  of 
the  short  circioit,  that  is,  whether  it  is  single-phase  or  multi- 
phase. There  are  several  ways  in  which  a  short  circuit  can 
occur  on  a  system,  especially  on  a  polyphase  system,  and  one  of 
these  is  a  case  in  which  all  of  the  legs  of  the  circuit  are  involved. 

One  of  them  is  a  common  case,  in  which  only  two  legs  are 
involved,  and  another  is  the  case  where  a  single  leg  of  a  circuit 
is  involved  in  a  ground  on  ^  system  which  is  Y  or  star-conwcted, 
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with  ground  neutral;  or  in  the  case  of  3-phase,  4- wire  circuits, 
in  winch  there  is  a  short  circuit  from  one  of  the  phases  to  the 
neutral. 

The  curves  proposed  in  this  paper  have  been  drawn  in  such 
a  way  as  to  include  a  factor  of  safety  suflScient  to  provide  for 
the  case  of  a  short  circtiit  in  which  all  of  the  legs  of  the  circuit 
are  involved,  and  also  for  the  majority  of  cases  where  single- 
phase  short  circuits  occur  on  polyphase  systems,  notwithstanding 
the  fact  that  a  single-phase  short  circuit  occurring  at  the  terminals 
of  a  polyphase  generator  may  and  usually  will  result  in  higher 
values  for  the  sustaining  current,  that  is  the  current  which  will 
exist  for  a  lapse  of  say,  two  or  three  seconds,  than  would  be 
the  case  if  all  the  legs  of  the  circuit  had  been  involved  in  the  short. 

It  is  believed  also  that  the  curves  are  drawn  high  enough  to 
provide  for  the  common  case  of  a  ground  on  one  leg  of  a  Y- 
connected  system,  with  grounded  neutral,  or  of  a  short  circuit 
from  one  leg  to  neutral,  unless  the  neutral  is  brought  out  from 
all  of  the  generators,  or  all  of  the  generators  grounded  with  cur- 
rent limiting  resistance  or  reactance.  If  only  one  of  the  gener- 
ators is  grounded,  and  there  are  several  generators,  so  that  the 
reactance  of  the  grounded  generator,  figured  on  the  accurate 
capacity  of  the  generators,  is  within  the  limits  of  the  table, 
such  a  generator  might  operate  as  a  ground  to  a  limited  re- 
actance. If,  however,  no  such  condition  exists,  and  it  is  desir- 
able- to  apply  a  circuit  breaker  between  a  generator  having  a 
grotmded  neutral  and  a  generator  bus,  that  is  to  say,  on  the 
generator  side  of  the  first  transformer  bank,  the  current  result- 
ing from  a  short  circuit  of  that  kind  will  probably  be  high  enough 
to  m^e  it  necessary  to  exercise  extra  precaution,  and  to  con- 
sider that  one  of  the  exceptional  cases,  that  will  require  us  to 
learn  the  magnitude  of  such  currents  from  other  sources  than 
the  curves  given  in  this  paper,  as  the  curves  given  are  hardly 
suitable  for  that  purpose. 

Bassett  Jones:  I  speak  from  the  point  of  view  of  the  man  who 
has  to  advise  another  man  how  to  invest  his  money  in  circuit 
breakers.  The  paper  presents  a  very  definite,  easily  understood 
method  of  determining  the  duty  that  may  be  imposed  on  an 
oil  circuit  breaker.  Except  in  a  very  general  way,  it  does  not 
determine  a  method  of  selecting  any  particular  variety  of  breaker. 
This  latter  problem  has  always  been  shrouded  in  deep  mystery, 
particularly  in  view  of  the  fact  that  so  many  varieties  of  breakers 
have  been  devised  to  meet  such  a  multitude  of  special  condi- 
tions, that  the  manufacturers'  catalogues  and  published  ratings 
are  not  always  of  use.  By  this  I  mean  that  even  when  the  duty 
required  has  been  determined  by  the  method  outlined  in  the 
paper,  it  does  not  necessarily  follow  that  the  proper  or  rather 
the  most  economical  type  of  breaker  can  be  selected  directly 
from  a  catalogue  or  hand  book. 

A  case  develops  in  which  with,  say,  a  rated  full-load  capacity 
of  12,500  kv-a.,  10  per  cent  reactance  in  each  generator  con- 
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nected  to  the  bus,  and  with  what  may  seem  a  reasonable  per 
cent  of  added  reactance  in  the  bus,  a  short-circuit  value  of 
current  in  a  feeder  figured  in  this  manner  would  lead  the  unin- 
itiated to  select  a  breaker  costing,  say,  $500,  when  actually  a 
considerably  cheaper  breaker,  with  one  or  another  of  the  mtdti- 
tude  of  standard  reinforcings  will  meet  the  conditions.  Thus, 
we  find  a  manufacturer  carrying  in  stock,  say,  twenty-five 
different  varieties  of  a  single  type  of  circuit  breaker,  because 
the  consumer  has  imposed  at  least  this  number  of  operating 
conditions  which  the  manufacturer  must  meet  if  he  is  to  make  a 
sale  and  keep  the  business.  Each  time  the  manufacturer  has 
sought  a  new  way  out  of  his  dilemma  by  devising  a  new  variety 
of  reinforcing,  or  a  slight  change  in  design  which  will  enable 
him  to  get  away  with  the  sale.  And,  withal,  he  probably  takes  a 
chance  at  that — a  chance  that  will  most  hurt  the  consumer  if 
the  dice  fall  the  wrong  way. 

This  sort  of  thing  results  only  in  harm  to  all  parties  concerned. 
It  works  an  undoubted  hardship  on  the  manufacturer,  for  in 
time  the  cost  to  him  of  maintaining  so  many  standards,  any  one  of 
which  may  have  relatively  few  sales  a  year,  becomes  prohibitive. 
This  means  more  capital  invested,  and  when  we  get  right  down 
to  brass  tacks  it  is  the  consumer  who  invests  his  own  capital 
in  the  manufacturers'  stock  room.  The  term  "stock  room" 
here  covers  a  multitude  of  sins. 

In  a  paper  recently  presented  before  the  Schenectady  Section, 
I  drew  attention  to  the  economy  both  to  consumer  and  manu- 
facturer that  could  be  achieved  by  "Standardization  of  De- 
mand*' in  the  special  case  of  the  low-tension  distributing  systems 
in  industrial  plants.  The  same  remarks  apply  in  a  broader 
sense  to  distributing  systems  of  all  kinds.  The  distributing 
system  is  to  be  considered  as  including  everything  engaged  in 
carrying  energy  from  the  generator  to  the  point  of  conversion 
or  utilization — ^switchboards  as  well  as  transmission  equipment. 

The  problem  of  "Standardization  of  Demand"  is  obviously 
up  to  the  consumer  and  his  advisers  rather  than  to  the  manu- 
facturer. 

Fred  C.  Hanker:  The  rating  of  circuit  breakers  has  been 
specified  as  the  highest  r.  m.  s.  current  that  can  be  interrupted 
under  certain  conditions.  It  is  this  basis  of  specifying  rupturing 
capacity  which  makes  it  necessary  to  determine  the  value  of 
the  short-circtiit  current  before  the  breaker  can  be  properly  se- 
lected for  a  specific  application. 

The  authors  have  given  in  Figs.  2  and  3  a  series  of  curves  for 
various  values  of  total  system  reactance.  They  have,  for  con- 
venience, tabulated  these  data. 

With  this  information  it  will  then  be  possible  to  properly 
apply  a  given  breaker,  after  the  method  of  tripping  and  the 
value  of  feeder  reactance  in  the  system  is  determined. 

The  elapsed  time  can  be  ascertained  with  accuracy  once  the 
method  of  tripping  is  adopted  and  the  speed  of  the  breaker 
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is  specified.  Furthermore,  the  reactance  of  the  system  can  be 
calculated  from  the  characteristics  of  the  apparatus  under 
consideration. 

This,  then,  leaves  the  short-circuit  transients  of  the  system 
to  be  determined  in  one  of  the  ways  outlined  by  the  authors, 
so  that  the  value  of  the  r.  m.  s.  current  at  the  time  of  opening 
the  breaker  can  be  secured. 

Obviously,  from  the  number  of  factors  affecting  this  character- 
istic, it  is  not  a  simple  calculation,  and  it  is  always  debatable 
whether  all  of  the  variables  have  been  given  proper  weight  or 
consideration.  Even  granting  the  ability  to  predetermine  this 
characteristic,  the  bjpt  criterion  of  its  accuracy  is  a  check  against 
actual  results  obtained  from  oscillograph  tests. 

The  curves  as  given  in  Figs.  2  and  3,  showing  the  relative  val- 
ues of  r.  m.  s.  current  in  terms  of  the  total  full-load  current  of 
machines,  and  under  short-circuit  conditions,  check,  reason- 
ably well,  the  r.  m.  s.  current  values  determined  from  actual 
oscillograms  taken  on  a-c.  generators  when  short-circuited  at  full 
voltage.  After  the  first  fraction  of  a  second  following  short  cir- 
cuit, the  actual  curves  fall  slightly  below  the  proposed  curves, 
due  to  the  fact  that  the  oscillograms  were  taken  for  short-circuit 
conditions  at  no  load,  and  fiill  voltage,  whereas  the  proposed 
curves  are  based  on  fiill-load  conditions,  at  80  per  cent  power 
factor. 

From  this  check  it  is  the  opinion  that  the  curves  are  satis- 
factory and  represent  with  safety  the  short-circuit  currents  on 
three-phase  short  circuits  that  may  be  expected  from  normally 
designed  generators. 

The  curves  that  we  used  in  making  this  check  covered  a 
wide  variety  of  apparatus,  as  they  included  both  high-speed 
turbo-generators  as  well  as  normal  speed  and  low  speed  water- 
wheel  machines.  They  do  not  take  into  consideration  extreme 
power  factor  operation,  as  this  has  been  specified  at  80  per 
cent  in  the  paper.  Obviously,  for  lower  power  factor  operation, 
where  greater  excitation  is  required,  the  sustained  short-circuit 
values  may  be  somewhat  higher.  These  cases  are  rather  rare, 
and  would  be  taken  care  of  without  difficulty  if  they  are  once 
specified. 

Another  point  is  in  the  sustained  value  as  given  in  the  curves. 
They  cover  a  certain  range  in  values  as  given  at  three  seconds. 
If  the  machine  alone  had  been  considered  it  might  have  been  pre- 
ferable to  construct  the  curves  on  the  basis  of  a  given  sustained 
value,  but  when  you  take  into  consideration  the  external 
reactance  which  occurs  in  all  cases,  probably  above  15  per  cent 
or  20  per  cent,  and  in  a  large  number  of  cases  above  10  per  cent 
and  12  per  cent,  that  sustained  value  would  be  different  for 
different  conditions. 

Philip  Torchio:  The  subject  of  the  selection  of  circuit  breakers 
of  large  rating  is  of  relatively  great  importance  in  but  a  few 
instances  where  the  plants  have  very  large  capacity,  and,  as  the 
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authors  have  specified,  on  such  occasion  a  special  study  must  be 
made  jointly  and  in  cooperation  between  the  manufacturer  and 
the  user. 

I  shall  not  refer  to  that  type  of  circuit  breaker,  except  by 
making  a  general  statement  that  as  far  as  I  know  we  have  not 
today  available  a  circuit  breaker  of  suflScient  capacity  to  open 
the  short  circuits  on  our  larger  systems  with  a  short  circuit  in 
proximity  to  the  generating  stations.  In  such  instances  limiting 
reactances  have  to  be  used  to  confine  the  "short"  within  the 
rupturing  capacity  of  the  circuit  breakers  available. 

In  the  development  of  the  circuit  breaker,  we  have  apparently 
attempted  to  follow  the  example  of  the  man  who  plays  his 
fiddle  by  main  force.  We  are  forcing  otu-  ilrcuit  breakers  to  do 
all  the  work,  and  probably  we  are  expecting  too  much  in  that 
direction;  still,  it  is  wise  to  keep  on  studying  the  problem,  in 
the  hope  that  some  day  we  will  find  a  circuit  breaker  that  will 
be  of  unlimited  rupturing  capacity. 

When  it  comes,  however,  to  the  general  use  of  circuit-breakers 
— ^which  represents  95  per  cent  of  the  circuit-breaker  applica- 
tions— ^for  those  cases  the  paper  before  us  is  applicable,  and 
is  a  step  in  advance,  and  should  be  followed  up  by  further  stand- 
ardization, so  that,  as  some  of  the  previous  speakers  have  al- 
ready pointed  out,  the  user  could  more  readily  get  at  the  values 
of  the  ratings  of  the  circuit  breakers  offered  by  different  manu- 
facturers. 

I  also  want  in  this  connection  to  give  a  note  of  warning  with 
reference  to  following  out  the  suggestion  in  the  paper  that  if 
we  select  a  certain  circuit  breaker  for  certain  existing  conditions, 
we  must  remember  that  the  conditions  of  the  supplying  electric 
systems  change  very  materially  with  the  growth  of  the  system. 
The  man  who  makes  a  selection  must  also  have  a  view  into  the 
future,  and  not  be  guided  only  by  what  the  conditions  are 
today,  or  what  he  expects  next  year,  but  he  should  possibly 
foresee  what  the  conditions  may  be  in  several  years. 

In  my  personal  experience,  I  find  that  many  times  we  are 
confronted  with  a  proposition  that  today  could  be  handled 
with  a  certain  circuit  breaker,  which  is  relatively  cheap,  say 
costing  $300.  If  we  could  foresee  the  conditions  which  will 
probably  prevail  three  or  four  years  from  now,  we  would  see 
that  that  circuit  breaker  should  either  be  supplemented  by  a 
limiting  reactance  or  a  larger  circuit  breaker  used.  In  a  great 
majority  of  cases  you  will  find  that  the  larger  circuit  breaker  is 
more  economical  than  the  combination  of  the  small  circuit 
breaker  and  the  limiting  reactance. 

In  customers'  installations,  it  may  be,  however,  impracti- 
cable to  put  in  the  larger  circuit  breaker — as,  having  only  one 
circuit  breaker  on  the  premises,  it  would  be  preferable  to  avoid 
the  operation  of  a  complicated  mechanism.  The  mechanism 
that  would  be  perfectly  feasible  in  the  substation  of  an  operating 
company  might  not  be  so  in  an  industrial  plant  or  on  customers* 


Digitized  by  VjOOQIC 


1D181  DISCUSSION  AT  NEW  YORK  147 

premises.  In  that  case  the  limiting  reactance,  in  combination 
with  the  small  circuit  breaker,  in  many  instances,  while  it  may 
be  more  expensive  in  first  cost,  I  believe  will  be  found  to  be 
preferable.  If  you  take  such  point  of  view,  broadly  you  will 
standardize  the  circuit  breaker,  and  you  will  not  have  so  many 
circtiit  breakers  to  select  from. 

Referring  specifically  to  the  paper,  where  it  is  stated — "Al- 
though not  stated  in  rules,  we  infer  that  it  contemplates  a  test 
with  the  apparatus  under  dry  conditions."  I  imagine  that  the 
outlines  mean  that  it  was  filled  with  oil,  in  accordance  with  the 
Standardization  Rules  of  the  Institute.  The  wording  is  not 
entirely  clear  to  me  as  to  what  the  dry  condition  means. 

Referring  to  paragraph,  "The  breaker  interrupting  capac- 
ities in  r.  m.  s.  amperes  published  by  various  manufacturers 
are  based  on  an  assiuned  duty,  t.  e.,  that  the  breaker  will  in- 
terrupt its  rated  r.  m.  s.  current  two  times  at  a  two-minute 
interval  and  then  be  in  condition  to  be  closed  and  carry  its 
rated  current  until  it  is  practicable  to  inspect  it  and  make 
necessary  adjustments."  I  suppose  it  is  assumed  that  also  it 
is  in  position  to  open  the  circuit  a  third  time.  That  was  our 
understanding — ^that  is,  when  closed,  it  would  be  still  in  a 
position  to  open. 

J.  M.  Mahoney:  Open  mechanically,  but  not  automatically, 
under  the  same  conditions. 

Philip  Torchio:  Quoting  again,  "Systems  having  character- 
istics such  that  the  reestablished  pressure  during  short  circuit 
will  be  higher  than  normal,  will  require  a  larger  breaker," 
refers  to  circuit  breakers  at  the  ends  of  long  distance  trans- 
mission lines. 

In  reference  to  the  dying  away  of  the  transient  current  in 
the  direct  component  of  the  current — at  least  mention  might 
be  made — ^that  in  a  system  where  they  operate  without  Tirrill 
regulators,  but  with  rheostatic  control  in  the  field,  the  rheostat 
resistance  in  series  with  the  field  would  tend  to  accelerate  the 
dying  out,  because  it  absorbs  more  rapidly  the  energy  that  is 
dissipated  while  in  places  where  the  Tirrill  regtdator  is  used, 
with  less  resistance  in  the  field,  probably  there  would  be  slower 
dying  out. 

In  the  section  referring  to  the  guarantees  and  heating  in  a 
general  way  we  must  depend  on  tbe  manufacttu-ers  to  arrange 
the  guarantees,  but  I  think  there  ought  to  be  more  co-opera- 
tion, to  get  a  little  more  uniformity,  so  that  the  user  can  have 
clear  before  him  information  for  the  selection  of  the  circuit 
breakers  needed. 

Paul  M.  Lincoln:  I  want  to  call  attention  to  one  paragraph 
which  is  particularly  interesting  to  me,  it  is  that  referring  to  the 
classification  of  systems,  in  which  the  authors  say:  "Systems 
may  be  classified  according  to  their  normal  operating  pressure, 
normal  current,  normal  frequency  and  current  transients."  It 
is  thftt  l^t^  ItPPP^f  the  ''transients"  that  is  the  unknown  quantity 
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in  this  classification.  It  was  absolutely  unknown  to  me  at  the 
time  I  entered  the  operating  business  some  twenty  five  years  ago 
with  the  Niagara  Falls  Power  Company.  In  perfectly  good 
faith,  when  we  came  to  figiu^e  our  short-circuit  currents  at  that 
time,  we  figured  the  currents  we  were  going  to  get  on  short 
circuit  were  the  same  we  got  on  the  short-circuit  test  made  in 
the  test  room,  and  which  amounted  to  two  or  two  and  one-half 
times  the  normal  full-load  current.  When  we  got  short  circuits 
in  practise  we  found  evidence  of  the  fact  that  the  currents  were 
not  limited  to  two  or  two  and  one-half  times  full-load  current 
but  were  many  times  that.  Such  things  as  the  tearing  apart  of 
the  windings,  the  breaking  of  windings,  the  throwing  of  cables 
around  the  power  station,  and  similar  things,  gave  evidence 
that  the  currents  were  not  limited  to  the  two  or  two  and  one- 
half  times  full-load  current  that  we  expected,  and  it  was  then 
that  this  question  of  transients  began  to  have  a  real  meaning 
for  us. 

Oiu"  knowledge  of  what  transients  are  has,  of  course,  increased 
in  the  time  between  that  experience,  back  in  1896  and  1897, 
and  the  present  time,  but  I  think  even  yet  there  is  much  we  have 
to  learn  about  the  matter  of  transients. 

The  authors  speak  of  the  use  of  reactances,  and  there  is  a 
more  or  less  indefinite  term  used  in  connection  with  the  rating 
of  reactance.  Reactances  are  usually  rated  in  percentages  of 
the  normal  voltage,  but  it  is  not  often  stated  how  much  current 
these  reactances  are  supposed  to  carry  for  that  given  stated 
percentage  of  reactance  voltage,  and  the  stating  of  that  current 
is  an  absolute  essential  in  the  rating  of  the  reactance.  The 
percentage  stated  in  terms  of  the  normal  carrying  capacity  of 
the  reactance,  or  in  the  normal  carrying  capacity  of  the  appar- 
atus back  of  the  reactance  or  in  some  definite  manner  is  an  abso- 
lute essential  in  arriving  at  the  rating  of  any  reactance. 

On  this  question  of  the  rating  of  circuit  breakers,  let  me  say 
that  the  manufacturers  are  at  all  times  giving  to  the  user  of 
these  circuit  breakers  the  best  they  have.  Whether  or  not  the 
best  they  have  is  good  enough  to  take  care  of  the  job  of  the  user, 
there  is  only  one  way  of  determining  and  that  is  by  trial. 

As  Mr.  Hewlett  pointed  out,  it  is  impossible  for  the  manu- 
facturer to  go  to  the  user  of  the  apparatus,  particularly  if  the 
user  is  on  the  order  of  100,000  kw.,  or  more,  and  ask  him  for  the 
loan  of  his  plant  for  the  purpose  of  testing  circuit  breakers. 

That  is  out  of  the  question,  because  the  user  of  that  appara- 
tus is  not  justified  in  taking  the  risk  which  would  be  involved 
in  the  testing  of  the  circuit  breakers  under  the  actual  operating 
conditions.  As  a  consequence,  the  manufacturer  must  get  his 
information  for  designing  circuit  breakers  by  the  observation  of 
short-circuit  conditions  that  occur,  and  he  must  gather  that 
information  as  it  is  presented  to  him  from  time  to  time.  Con- 
sequently the  question  of  just  what  breaker  is  necessary,  just 
how  big  it  should  be,  how  much  oil  to  use,  and  all  those  things 
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that  are  necessary  to  take  care  of  given  conditions,  particularly 
when  those  conditions  approach  the  limit  of  existing  plants, 
must  necessarily  depend  upon  the  closest  possible  cooperation 
between  the  manufacturer  of  the  apparatus  on  the  one  hand 
and  the  user  of  the  apparatus  on  the  other.  It  is  only  by  that 
kind  of  close  cooperation  between  the  two  that  the  question 
can  be  ultimately  worked  out. 

R.  E.  Doherty:  I  should  like  to  make  some  comments  that 
may  be  useful  in  applying  the  curves  shown  in  Figs.  2  and  3. 
There  is  a  large  difference  between  the  sustained  short-circuit 
current  of  generators  which  were  built  10  or  15  years  ago,  and 
those  which  have  been  built  in  more  recent  years.  These 
curves  show  sustained  values  which  correspond  approximately 
to  the  maximum  that  would  be  found  in  machines  which  have 
been  btdlt  during  recent  years  by  one  of  the  manufacturing  com- 
panies, whereas  for  older  machines  the  curves  show  values  which 
are  more  nearly  representative  of  the  average.  That  is,  the 
older  machines  may  have  higher  sustained  short-circuit  currents 
than  indicated  by  the  curves,  and  should  therefore  be  treated 
as  special  cases. 

It  may  be  of  interest  that  the  difference  between  the  old 
and  the  more  recent  generators  is  largely  the  result  of  the  intro- 
duction of  the  automatic  voltage  regulator.  Before  the  advent 
of  the  regulator,  generators  were  required  to  have  good  inherent 
regulation,  that  is,  low  armature  strength,  relative  to  the  field 
strength.  That  means  high  sustained  current.  With  regtda- 
tors,  tliis  restriction  is  removed,  and  for  reasons  of  economy  the 
armattu'e  is  made  stronger,  which  means  lower  sustained  cturent. 

Fred  L.  Hunt:  It  is  not  understood,  that  the  authors  have 
suggested  any  more  definite  means  of  rating  circuit  breakers 
than  has  already  been  done  by  the  rules  and  practises  to  which 
they  refer.  Operating  engineers  will  find  all  the  information 
and  data  given  in  this  paper  to  be  most  valuable  and  highly 
practicable,  but  it  is  believed  that  these  engineers  desire  very 
much  to  have  a  more  definite  method  of  rating  circuit  breakers, 
presented.  Nothing,  so  far  as  is  known,  which  is  now  published 
by  the  manufacturers  would  enable  the  operating  engineer  to 
choose  from  the  published  data  a  circuit  breaker  suitable  for 
one  of  the  definite  conditions  outlined  in  the  examples  in  this 
paper,  assuming  that  he  had  the  information  regarding  his  own 
system  shown  in  the  examples. 

Under  present  conditions  the  operating  engineer  must  leave 
entirely  to  the  manufacturer  the  question  of  deciding  what 
circuit  breaker  is  suitable  for  his  particular  conditions,  without 
having  any  means  of  determining  how  well  he  has  met  the 
requirements  specified,  or  of  comparing  the  factors  of  safety 
which  may  be  allowed  by  different  manufacturers  in  their 
recommendations  for  the  same  switching  requirements. 

All  will  probably  agree  that  the  manufacttirers  are  well  quali- 
fied to  recommend  the  circuit  breakers  that  should  be  used  for 
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any  given  set  of  conditions,  but  if  circuit  breakers  are  to  be 
put  on  anything  like  the  same  basis,  so  far  as  comparative 
ratings  are  concerned,  as  is  now  the  practise  with  other  electrical 
apparatus,  in  order  that  operating  companies  may  have  an  in- 
dependent means  of  comparing  the  recommendations  made  by 
various  manufacturers,  and  of  testing  under  a  fixed  set  of  oper- 
ating conditions  the  apparatus  produced  by  various  manu- 
facturers, a  system  of  ratings  should  be  established  which  would 
be  definite  with  regard  to  all  the  conditions  which  are  pointed 
out  in  this  paper  as  affecting  the  rupturing  capacity  of  a  switch. 

Eight  items  are  mentioned,  all  of  which  affect  the  ctirrent 
flowing  to  a  short  circuit  at  any  point  in  a  system.  This  does 
not  mean,  however,  that  there  are  necessarily  that  many  differ- 
ent interpretations  of  a  given  rating  for  the  rupturing  capacity 
of  a  circuit  breaker. 

It  is  suggested  that  the  manufacturers  set  down  a  definite 
rupturing  capacity  for  a  given  switch,  describing  in  as  much 
detail  as  they  choose  the  exact  conditions  upon  which  the  rating 
is  based,  and  that  they  then  furnish  curves  or  other  data  which 
will  show  the  variation  of  this  rupturing  capacity  due  to — 

First:  Variation  of  the  re-established  bus  voltage- 
Second:  Variation  of  power  factor  of  the  current  flowing 
into  the  short  circuit. 

Third:  Variation  of  the  ratio  between  generator  reactance 
and  line  or  system  reactance. 

Fourth:  Variation  in  the  total  capacity  of  synchronous 
equipment  connected  to  the  system. 

Fifth:  Variation  due  to  nattu-e  of  the  short  circuit,  whether 
single-phase,  three-phase,  or  between  one  phase  and  ground. 

This  will  then  leave  to  the  engineer  who  applies  the  circuit 
breaker  the  duty  of  determining  the  transient  characteristics 
of  his  synchronous  machines,  the  time  setting  of  his  relays, 
the  total  impedance  of  his  circuits  leading  to  the  point  of  short 
circuit,  the  resistance  of  the  short  circuit,  the  power  factor  of 
the  load  being  carried  at  the  time  of  the  short  circuit,  and  the 
bus  voltage  to  be  re-established  after  the  opening  of  the  circuit. 

The  data  suggested  above  to  be  supplied  by  the  operating 
engineer  could  all  be  obtained  from  other  sources  than  from  the 
oil  switch  designer. 

Some  such  system  of  rating  as  that  suggested  above  is  re- 
quired in  order  that  operating  engineers  may  be  able  to  select 
switches  for  their  circuits  in  the  cases  at  least  of  all  systems 
which  do  not  come  under  the  heading  of  "average  systems", 
and  it  seems  reasonable  to  ask  the  manufacttu-ers  to  supply  such 
information.  It  also  seems  desirable  that  the  authors  of  this 
paper  should  define  what  is  meant  by  an  "average  system". 

The  writer  has  recently  had  occasion  to  study  switching 
capacities  for  a  system  in  which  a  switch  in  one  substation  is 
apparently  required  to  open  a  short-circuit  current  of  approxi- 
mately 40,000  kv-a.,  whereas  a  switch  in  another  similar  sub' 
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station  not  far  away  is  required  in  the  case  of  a  short  circuit  to 
open  145,000  kv-a.,  and  at  another  substation  short-circuit 
conditions  may  require  the  opening  of  270,000  kv-a.  It  would 
be  interesting  to  know  whether  such  a  system  would  be  con- 
sidered an  "average  system". 

Herbert  H.  Dewey:  It  is  gratifying  to  the  transmission 
engineer,  to  know  that  we  have  reached  the  point  where  we  are 
taUdng  about  the  same  kind  of  amperes.  If  now  we  accept  the 
fact  that  the  circuit  breaker  designers  have  chosen  the  ampere- 
rating  in  rupturing  capacity  that  their  switches  are  good  foi, 
it  is  up  to  the  power  and  transmission  engineer,  the  man  who 
makes  the  practical  application  of  these  switches,  to  determine 
how  much  cm  rent  we  have  to  rupture  in  a  given  case. 

Some  points  in  connection  with  determining  this  current 
have  always  been  somewhat  uncertain.  We  obtain  from  the 
manufacturer  the  reactance  of  the  generator,  transformer,  etc., 
usually  in  per  cent,  and  we  know  that  a  ten  per  cent  reactance 
generator  will  give  ten  times  normal  current  on  short  drcuit. 
It  has  never  been  definitely  tmderstood  by  us  all  however  what 
this  ten  times  normal  current  is.  One  man  suggests  that  it  is 
ten  times  normal  symmetrical,  and  it  may  be  double  that. 
The  papa:  discusses  the  different  values  of  cturent  obtained 
on  short  circuit  and  defines  the  current  to  be  used  in  determining 
the  duty  imposed  on  an  oil  circuit  breaker  as  the  r.  m.  s.  current 
at  the  time  the  circuit  breaker  opens.  The  application  engineer 
must  determine  the  r.  m.  s.  current  at  the  point  of  short  circuit 
by  some  suitable  method. 

On  simple  systems,  which  the  paper  purports  to  cover,  that 
is  an  easy  proposition.  It  is  merely  a  question  of  adding  up  the 
reactances  in  series  or  multiple,  as  they  occur  on  the  system. 
When  we  have  obtained  the  final  restdt  we  have  a  reactance  of, 
say,  twenty  per  cent  on  the  rating  of  the  total  generating 
capacity,  and  by  referring  to  our  curve  we  find  that  we  get  so 
many  r.  m.  s.  amperes  at  a  given  time. 

The  next  point  to  determine  is  how  soon  the  circuit  breaker 
is  to  open.  That  will  be  a  pretty  definite  thing  because  of  its 
location.  We  use  certain  relays  that  must  be  selective.  We 
use  on  the  generators,  as  a  nile,  non-automatic  switches.  If 
we  have  to  choose  a  generator  switch,  we  consider  the  time  it 
will  take  for  the  operator  to  open  the  switch,  which  means 
constant  value  of  current.  If  we  have  a  differential  relay, 
which  is  expected  to  open  the  generator  circtiit  in  case  of  break- 
down of  the  generator  itself,  that  means  we  have  a  very  quick- 
operating  relay,  so  that  the  duty  on  the  circuit  breaker  would 
be  quite  different  in  the  two  cases. 

Mr.  Torchio  and  Mr.  Lincoln  pointed  out  that  we  are  going  to 
have  very  great  increases  in  the  capacity  of  oiu"  systems,  and  it 
is  increasingly  important  that  we  have  some  definite  method 
of  detennining  the  amount  of  short-circtiit  current  that  will 
flow  to  a  fault.     Existing  stations  have  grown  away  beyond 
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their  original  capacity  as  planned,  and  existing  systems  have 
tied  in  with  other  systems,  so  that  we  are  getting  enormous 
blocks  of  power  concentrated  within  short  distances. 

The  increase  in  the  capacity  of  circuit  breakers  necessarily 
has  gone  up  by  leaps  and  bounds,  and  we  hardly  know  where  it 
is  going  to  3top.  As  a  matter  of  fact,  it  would  seem  as  though 
there  were  some  possibility  of  reaching  a  limit,  that  is  not  that 
of  the  rupturing  capacity  of  the  circuit  breaker.  It  is,  of  course, 
possible  to  build  circuit  breakers  of  enormous  size,  and  it  is 
conceivable  that  we  could  reach  practically  unlimited  capacity 
in  the  circuit  breaker,  one  that  may  be  large  enough  and  strong 
enough  for  any  situation.  It  is  probable  there  will  not  be  a 
demand  for  this,  on  account  of  the  damage  done  at  the  point 
where  short  circuits  of  these  enormous  capacities  are  concen- 
trated. We  have  ruptured,  perhaps,  500,000  kv-a.  up  to  the  pres- 
ent time.  We  have  found  the  bus  bars  pulled  from  their  supports, 
the  cables  damaged,  pulled  off  the  wall,  and  great  damage  done 
in  other  ways  outside  the  circuit  breaker  itself,  so  it  is  prob- 
able that  these  features  will  be  limiting  ones,  rather  than  the 
extreme  rupturing  capacity  of  the  circuit  breaker. 

There  is  another  point  in  answer  to  Mr.  Hunt's  question, 
as  to  what  the  scope  of  these  curves  is,  or,  in  other  words,  what 
is  an  average  system.  The  authors  have  put  down  in  this 
paper  examples  of  what  they  consider  average  systems,  and 
you  will  notice  they  are  all  confined  to  one  generating  station. 
When  we  come  to  deal  with  a  number  of  generating  stations 
we  get  into  complications  in  calculating  the  current  involving 
the  use  of  Kirchoff's  Laws  which  make  the  problems  very 
difficult.  We  have  in  our  department  in  the  General  Elec- 
tric Company  in  Schenectady  a  calculation  device  which  will 
take  into  account  the  distribution  of  current  between  sta- 
tions and  that  makes  it  very  simple  to  solve  a  problem  of  this 
kind.  It  is  practically  the  only  way  it  can  be  done,  because  with 
several  generating  stations  the  apparent  reactance  of  each 
line  is  modified  by  what  is  coming  in  from  others,  and  it  is  diffi- 
cult to  obtain  the  direction  of  flow  of  current  in  each  individual 
circuit.  By  the  use  of  apparatus  of  this  kind,  the  tables  and 
curves  given  in  the  paper  would  become  universal,  and  any  one 
could  calculate  to  a  fair  degree  of  acctu-acy  the  short-circuit 
current  on  practically  any  complicated  network. 

H.  D.  James:  I  wish  to  call  attention  to  this  statement, 
"These  factors  are  of  special  importance  when  a  breaker  of 
relatively  small  interrupting  capacity  is  connected  to  a  large 
system  in  such  a  way  that  the  breaker  may  afford  the  only 
outlet  for  the  stored  energy  of  the  system.**  It  is  very  proper 
that  this  discussion  should  have  been  confined  largely  to  break- 
ers applied  to  large  systems  that  had  large  capacities  behind 
them.  However,  a  very  large  class  of  applications  are  for  the 
protection  of  electric  motors,  and  come  in  a  class  of  smaller 
breakers.  Ninety  to  95  per  cent  of  such  applications  are  limited 
by  the  distributing  transformer,  so  that  the  power  is  limited. 
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There  is  danger  of  trouble,  however,  in  power  stations,  and 
other  large  installations,  where  the  power  behind  the  breaker 
is  large.  This  is  particularly  true  where  the  overload  protection 
is  included  as  part  of  the  control  equipment.  One  way  of  taking 
care  of  that  is  to  introduce  a  time  element  in  the  overload 
capacity  of  the  control  equipment  or  breaker  protecting  it, 
so  that  the  feeder  breaker  will  take  the  load.  Unfortunately, 
the  feeder  breaker  also  has  a  time-element  introduced  in  many 
cases,  so  that  care  must  be  taken  to  see  that  the  time-element 
protecting  the  motor  from  overload  is  longer  than  the  time- 
element  of  the  breaker  back  of  it,  if  the  power  is  greater  than  the 
circuit  breaJcer  capacity  of  the  control  equipment. 

N.  L.  Pollard:  The  paper  presented  contributes  a  great  deal 
toward  clarifjring  the  determination  of  system  rating,  but  does 
not  assist  in  the  selection  of  proper  oil  circuit  breakers  to  meet 
these  conditions,  even  after  determining  them. 

The  sections  of  the  Standardization  Rules  covering  the  rating 
of  oil  circuit  breakers  are  very  indefinite,  and  do  not  in  any  way 
assist  in  a  selection,  unless  supplemented  by  ftirther  informa- 
tion furnished  by  the  manufacturer,  as  recommended  in  the 
closing  paragraph  of  the  paper  under  discussion.  Such  informa- 
tion has  been  entirely  omitted  from  the  paper,  although  it  is  a 
well-known  fact  that  extensive  tests  covering  rupturing  capaci- 
ties of  various  types  of  breakers  have  been  made. 

This  subject  is  of  such  vital  importance  to  the  profession  that 
further  investigation  seems  advisable,  and  I  would  therefore 
suggest  that  a  committee  be  appointed,  composed  of  operating 
as  well  as  manufacturing  engineers,  who  should  attack  the 
subject  from  the  standpoint  of  determining  the  relative  merits 
of  the  various  design  factors.  These  factors  should  then  be 
given  definite  values  with  regard  to  the  rupturing  capacity  of 
the  breaker  and  the  results  tabulated  and  embodied  in  the 
Standardization  Rules. 

The  maximum  rupturing  capacity  of  the  oil  circuit  breaker 
in  amperes  at  rated  voltage,  should  be  stamped  on  the  name- 
plate,  in  addition  to  the  normal  rating. 

E.  G.  Merrick:  The  typical  curves  given  in  the  paper  are 
based  on  three-phase  short  circuits;  the  results  are  sufficiently 
accurate  also  for  single-phase  conditions  if  instantaneous  values 
are  considered  but  cannot  be  applied  in  all  cases  to  sustained 
current  calculations. 

If  a  Y-connected,  three-phase  alternator  with  perfect  *  'damper' ' 
is  short-circuited  successively  across  three  terminals,  two 
terminals  and  one  terminal  to  neutral — the  excitation  remaining 
constant — ^the  sustained  currents  will  be  approximately  in  the 
ratio  of  100,  175  and  300.  These  values  are  modified  more  or  less 
depending  on  the  extent  to  which  the  single-phase  armature 
reaction  is  annulled  by  the  damping  action  of  the  field,  so  that 
for  a  standard  salient-pole  machine  without  amortisseur 
winding  we  find  that  the  currents  are  in  the  ratio  of  approxi- 
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mately  100,  130  and  200  and  for  a  salient-pole  machine  with 
amortisseur  winding,  or  for  a  tnrbo-altemator  with  solid  forged 
rotor,  they  are  in  the  ratio  of  100,  150  and  250.  That  is,  in  the 
former  case,  the  single-phase  short-circuit  current  will  be  1.3  to 
2.0  times  the  three-phase  value  and  in  the  latter  case  1.5  to  2.5 
times — the  excitation  remaining  constant. 

The  single-phase  values  for  short  circuits  between  terminal 
and  neutrd  can  in  general  be  disregarded,  in  view  of  the  fact 
that  where  several  machines  are  operating  in  parallel,  it  is  custo- 
mary to  solidly  ground  the  neutral  of  one  generator  only,  or 
if  all  machines  are  grounded,  to  parallel  the  individual  neutrals 
through  grounding  resistances. 

If  the  short  drcuits  occur  on  the  line  side  of  a  transformer 
in  series  with  the  alternator,  the  single-phase  values  of  sustained 
current,  with  constant  generator  excitation,  are  again  different 
from  the  three-phase  values,  the  magnitude  of  the  difference 
depending  on  the  ratio  of  sustained  generator  reactance  to  trans- 
former reactance  and  also  whether  the  transformer  is  connected 
delta-delta  or  delta-star.  These  values  may  again  be  consid- 
erably modified  if  the  transformer  is  feeding  a  transmission  line 
whose  characteristics  are  such  as  to  give  high  values  of  charging 
current  for  the  single-phase  conditions. 

Although  the  single-phase  values  of  ciurent  may  be,  in  cer- 
tain cases,  greater  than  the  three-phase  values,  it  does  not 
necessarily  mean  that  the  switch  duty  has  been  increased.  If 
the  single-phase  short-circuit  occurs  between  terminals  of  gen- 
erator or  transformer,  the  higher  value  of  current  is  more  or 
less  compensated  for  by  the  fact  that  there  are  now  twice  as 
many  active  switch  contacts  in  series  (charging  current  neglected) . 

In  view  of  the  usual  margin  of  safety  in  oil  circuit  breakers 
and  the  fact  that  they  are  generally  set  to  operate  before  sus- 
tained conditions  are  reached,  their  selection  can  ordinarily  be 
made  on  the  basis  of  three-phase  values  of  short-circuit  current. 
The  sustained  condition  is  important,  however,  in  certain  cases 
and  should  be  made  the  subject  of  a  future  contribution  to  this 
subject. 

P.  H.  Adams:  Does  this  paper  bring  us  any  nearer  to  a 
uniform  method  of  rating  oil  circuit  breakers  than  we  were  a 
year  ago?  The  operating  engineer  can  determine  his  short- 
circuit  current  values,  either  by  test  or  calculation,  but  on  what 
basis  can  he  select  the  oil  circuit  breaker  for  rupturing  this 
current?  There  are  on  the  market  today,  oil  circuit  breakers 
with  fanciful  ratings,  having  tin  cans  for  oil  tanks.  How  can 
we  discover  the  truth  in  regard  to  our  oil  circuit  brecikers  when 
such  conditions  exist  ? 

There  are  ten  or  more  well-known  factors  entering  into  the 
design  of  an  oil  circuit  breaker,  which  govern  its  rupturing 
capacity.  Modesty  has  apparently  prevented  the  authors  from 
touching  this  side  of  the  question,  therefore  I  agree  with  Mr. 
Pollard,  that  a  committee  should  be  appointed  to  investigate 
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this  matter  further  and  if  possible,  assign  definite  values  to  these 
design  factors  from  which  the  rupturing  capacity  may  be  deter- 
mined. 

The  rupturing  capacity  in  amperes  at  rated  voltage  should 
appear  on  the  name-plate  of  each  oil  drcuit  breaker,  and  the 
circuit  breaker  should  rupture  this  current  two  times  at  a  one 
minute  interval  and  then  be  in  condition  to  be  closed  and  carry 
its  rated  load  until  it  is  practicable  to  inspect  it  and  make 
necessary  adjustments,  without  regard  to  generator  or  bus 
capacity. 

If  this  condition  cannot  be  met,  then  the  Committee  should 
divide  oil  circuit  breakers  into  several  classes,  based  on  generator 
capacity  and  clearly  define  the  design  factors  governing  each 


This  is  the  kind  of  information  the  operating  engineer  desires 
and  is  what  the  title  of  this  paper  would  lead  one  to  expect  to 
find  outlined  in  it.  I  thoroughly  agree  with  the  closing  para- 
graph of  the  paper  that  manufacturers  should  publish  more 
information  on  the  subject  but  this  will  be  of  little  value  unless 
the  Institute  adopts  a  standard  of  comparison.  It  is  disappoint- 
ing to  hear  Mr.  Hewlett  say  this  is  the  kind  of  information  we 
cannot  get. 

Ira  M.  Gushing:  The  authors  start  in  by  speaking  of  normal 
pressture,  normal  frequency,  and  all  conditions  are  normal  until 
they  begin  to  talk  about  the  duty  of  the  circuit  breaker,  and 
then  aU  conditions  become  extremely  abnormal. 

It  seems  to  me  the  circuit  breaker  has  two,  if  not  possibly 
three  duties  to  perform.  First,  it  is  a  device  for  disconnecting 
a  circuit,  or  possibly  disconnecting  the  apparatus.  That  is  a 
very  important  duty,  and  in  connection  with  that  duty  is  the 
second  one,  namely,  the  ability  to  carry  normal  current.  Then 
there  is  the  third  duty,  that  of  opening  a  circuit  under  abnormal 
conditions. 

I  believe  that  this  paper,  to  an  outsider  or  possible  pur- 
chaser of  oil  circuit  breakers,  is  almost  an  alarmist  paper — he 
would  mentally  throw  up  his  hands  and  say — **I  don't  dare  have 
one  on  my  system."  Therefore,  I  think  this  word  **duty" 
should  possibly  be  modified,  or  there  should  be  a  paragraph  or 
two  added  to  the  paper,  describing  what  the  oil  switch  or  oil 
circuit  breaker  should  do,  besides  the  opening  under  abnormal 
conditions. 

Possibly  the  words  "prescribed  conditions"  are  not  well 
chosen.  We  shovdd  use  the  word  ''abnormal  conditions."  You 
speak  of  prescribed  things  as  something  you  expect  might  happen 
quite  frequently,  but  when  you  come  to  speak  of  abnormal 
conditions,  then  you  are  looking  for  something  that  is  different, 
and  that  is,  of  course,  what  is  spoken  of  in  the  paper. 

At  the  end  of  the  paper  the  authors  practically  nullify  the 
entire  thought  by  admitting  that  everything  that  has  gone 
before  covers  systems  that  do  not  have  voltage  regulators.    It 
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is  my  impression  that  many  systems  have  voltage  regulators, 
and  especially  systems  that  have  a  large  lighting  load,  and  for 
that  reason  it  would  appear  to  a  person,  not  familiar  with  the 
apparatus,  that  the  figures  given  would  not  apply  at  all  to  the 
average  system. 

J.  N.  Mahoney:  Mr.  Torchio  mentioned  the  probable 
condition  of  the  apparatus  after  it  performed  the  duty  specified. 
One  of  the  well  know  disturbances  presented  by  an  oil  breaker 
in  operating  under  near  maximum  conditions,  is  to  throw  some 
oil.  It  is  self-evident  that  if  the  amoimt  of  oil  thrown  is  great, 
it  limits  the  ability  to  take  care  of  the  next  successive  opera- 
tion of  the  breaker.  As  a  matter  of  fact,  that  is  one  of  the 
points  that  is  a  controlling  feature. 

The  breaker  may  open  twice,  undertaking  the  maximum 
duty  for  which  it  is  guaranteed,  and  the  oil  level  may  be  so 
reduced  that  if  operated  a  third  time  you  could  not  expect  to 
get  the  same  standard  of  performance,  as  in  the  first  instance. 
You  might  operate  it  at  a  smaller  power  duty,  and  so  on  down 
with  each  successive  operation,  and  in  this  way  you  could 
operate  it  successfully  a  large  number  of  times;  the  first  time 
at  the  maximum.  With  a  sufficiently  small  power  duty,  the 
breaker  might  be  made  to  operate  indefinitely  even  in  its  depre- 
ciated condition . 

The  breaker  blowing  off  a  tank,  breaking  a  tank  supporting 
frame,  or  causing  an  unusual  mechanical  destruction  of  some 
other  kind,  is  not  contemplated  as  being  within  the  accepted 
practice,  or  definition  of  successful  ** two-time  operation." 

The  second  point  in  the  depreciation,  you  might  say,  of 
operation,  is  the  arcing  "tips",  or  the  contacts  forming  the 
arcing  members.  While  the  conducting  contacts  may  not  be 
injured,  the  arcing  contacts  may  be  consumed  considerably. 
Therefore  it  is  undesirable  to  operate  at  the  maximum  duty  any 
more  than  a  given  number  of  times,  until  the  circuit  breakers 
are  inspected  and  repaired.  The  device  may  be  closed  again, 
and  service  maintained  for  an  indefinite  period,  that  is,  until 
the  normal  inspection  period.  That  contemplates,  assuming 
the  breaker  is  an  automatic  one,  that  if  it  is  subjected  to  two 
successive  maximimi  operations  as  stated  in  the  guarantee, 
the  breaker  would  be  made  non-automatic  after  the  second 
operation.  It  will  then  be  just  a  conductor,  or  disconnecting 
switch,  and  the  automatic  protection  will  be  afforded  by  other 
means  in  the  circuit.  Usually,  as  Mr.  Hewlett  remarked,  it 
may  be  that  destruction  beyond  the  breaker,  caused  by  the 
short  circuit  gives  you  all  necessary  time,  even  after  one  opera- 
tion, to  readjust  the  breaker,  before  it  is  necessary  or  desire- 
able  to  close  it. 

The  question  has  been  raised  by  several  of  the  speakers,  as 
to  what  constitutes  an  average  system.  It  simply  means  an 
average  radial  system,  as  practically  all  general  service  systems 
are.     Such  a  system  does  not  have  its  load  in  one  block,  with 
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a  single  controlling  breaker.  The  difference  is  not  because 
of  any  condition  of  power  factor  in  the  system,  but  the  fact, 
in  the  single  breaker  system,  there  is  practically  but  one  outlet 
for  the  stored  energy,  that  is  the  breaker  itself.  I  think  that 
will  clarify  the  situation. 

Philip  Torchio:  The  point  I  make  I  think  is  rather  important : 
After  the  second  closing,  if  you  require  the  breaker  to  do  some 
future  interupting  work, — do  not  close  it,  but  leave  it  there 
for  the  normal  inspection.  Its  condition  is  that  it  is  not 
immediately  capable  of  opening  against  its  rated  powers. 

J.  N.  Mahoney:    That  is  the  understanding. 

Chester  Lichtenberg  (communicated  after  adjournment): 
The  rating  and  application  of  oil  circuit  breakers  requires  an 
intimate  knowledge  of  the  phenomena  taking  place  not  only  in 
the  external  electrical  circuit,  but  also  in  the  breaker.  It  is 
essential  to  understand  not  only  how  a  circuit  behaves  under 
transient  electrical  conditions,  but  also  how  the  oil  circuit  breaker 
performs  its  energy  dissipating  and  circuit  interrupting  functions 
under  these  conditions. 

Consider  an  oil  circuit  breaker.  It  consists  essentially  of  a 
pair  of  separable  contacts  immersed  in  an  oil  bath.  Suppose 
this  simple  breaker  to  be  connected  in  an  a-c.  circuit  carrjdng 
a  steady  cturent  at  a  steady  pressure  and  steady  power  factor. 
Now  assume  the  breaker  contacts  to  part,  and  to  continue  in 
motion  with  approximately  constant  velocity  until  the  circuit 
shall  have  been  interrupted. 

Under  these  conditions  it  is  found  that  when  the  breaker 
contacts  part,  an  arc  is  formed.  This  arc  gasifies  that  portion 
of  the  oil  in  the  immediate  neighborhood  of  the  contacts,  and  a 
spherically  shaped  globule  of  gas  is  formed  around  them.  The 
pressure  in  the  globule  depends  on  the  amount  of  energy  which 
the  breaker  is  called  upon  to  dissipate,  and  under  extreme  con- 
ditions it  may  become  as  high  as  several  thousand  kilograms  per 
square  millimeter. 

One  effect  of  the  pressure  in  the  gas  globule  is  to  raise  the 
level  of  the  oil  in  the  bath.  It  is  for  this  reason  that  all  well 
designed  oil  circuit  breakers  have  a  so-called  "air  buffer*'  be- 
tween the  top  of  the  oil  and  the  oil  vessel  cover  or  lid. 

As  the  contacts  move  further  apart,  the  arc  lengthens,  and  due 
to  internal  pressure,  the  gas  globule  grows  larger.  The  globule 
retains  its  spherical  shape,  though  until  the  contacts  move  out 
of  it,  or  it  encounters  the  side  walls  of  the  containing  vessel. 

When  the  moving  contact  passes  out  of  the  gas  globtde,  the 
arc  follows,  and  a  path  is  provided  for  the  relief  of  the  pressure 
stored  in  the  globule.  This  causes  the  globule  to  burst  explo- 
sively, and  by  this  action  the  arc  is  blown  out  and  oil  tended  to 
be  ejected  from  the  vessel. 

In  the  interruption  of  most  electrical  circuits  this  is  the  only 
action  that  occurs  during  a  successful  operation  of  the  breaker. 
In  the  interruption  of  some  circuits,  however,  there  is  an  added 


Digitized  by  VjOOQIC 


158  OIL  CIRCUIT  BREAKERS  [Feb.  15 

step.  The  bursting  of  the  first  globule,  initially  stirrounding 
the  contacts,  is  followed  by  an  elongation  of  the  arc  through  fresh 
layers  of  oil,  and  the  formation  therein  of  new  gas  globules 
having,  however,  much  less  internal  pressure  than  the  first. 
These  new  globules  btu-st  in  turn  without  interrupting  the  circuit, 
till  finally  one  of  them  succeeds  in  blowing  out  the  arc  and 
interrupting  the  current  flow. 

The  formation  of  gas  globules,  their  subsequent  enlargement, 
distortion,  and  bursting  are  shown  in  Fig.  1.  This  photograph 
was  taken  with  the  successive  image  camera  described  in  a 
previously  contributed  discussion.  It  is  typical  of  hundreds  of 
photographs  which  have  been  taken  and  studied.  The  arc 
images  represent  exposiu-es  made  at  intervals  of  about  0.005 
second.  The  first  image  is  at  the  right  end  of  the  lower  row.  The 
second,  third,  fourth,  and  fifth  are  adjacent  to  it  on  the  left  in 
the  order  named.  The  sixth  is  at  the  right  end  of  the  lower  but 
one  row.  The  seventh  is  at  the  left  of  it.  The  twelfth  is  at  the 
right  end  of  the  third  row,  and  so  on.  They  show  quite  clearly 
the  different  stages  in  the  interruption  of  a  current  carrying 
electrical  circuit  by  an  oil  circuit  breaker. 

The  bursting  of  the  gas  globvdes  when  an  oil  circuit  breaker  is 
clearing  a  circuit,  is  followed  by  external  evidences  of  distress. 
Some  of  these  are  as  follows:  (1)  Dull  thud;  (2)  Ejection  of  oil; 
(3)  Ejectionof  flame;  (4)  Straining  or  bursting  of  oil  vessel.  The 
circuit  interruption  is  also  indicated  to  have  taken  place  explo- 
sively by  oscillograms  contributed  in  previous  discussions.  These 
show  that  the  current  is  diminished  with  increased  rapidity  as 
the  interruption  progresses  successfvdly,  until  the  end  is  ap- 
proached with  great  suddenness  or  abruptness. 

This  explosive  interruption  of  the  circuit  has  a  very  important 
bearing  on  the  application  of  oil  circuit  breakers.  As  I  pointed 
out  during  a  previous  discussion,  and  as  is  stated  in  the  paper, 
not  only  must  the  characteristics  of  the  circuit  to  which  a  breaker 
is  to  be  connected  be  known,  but  also  the  characteristics  of  the 
breaker  itself  must  be  known.  The  explosive  action  of  the 
breaker  introduces  an  element  of  wide  variablity  in  the  opera- 
tion of  the  breaker,  and  makes  it  difficult  to  predetermine  its 
performance  with  great  accuracy. 

It  is  a  well  known  fact  that  the  characteristics  of  generators, 
motors,  transformers,  transmission  lines,  and  other  parts  of 
electrical  circuits  may  be  determined  by  test  and  calc\ilation 
quite  accurately,  i.  e.  within  2  or  3  per  cent.  It  is  also  a  fact, 
though  not  nearly  so  well  known  or  recognized,  that  the  per- 
formance of  an  oil  circuit  breaker  cannot  be  predetermined 
with  an  accuracy  closer  than  15  per  cent.  This  fact  requires 
especial  emphasis  at  this  time  since  many  incorrect  breaker 
applications  are  made  because  a  knowledge  of  the  limits  of 
acctu-acy  of  the  calculation  of  systems  and  breakers  is  not  general. 

The  limit  of  accuracy  of  the  predetermination  of  breaker 
ratings  is  an  important  item  at  this  time  also  because  the  paper 
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under  discussion  proposes  rules  for  the  rating  and  application 
of  these  devices.  These  rules  have  been  derived  from  an  analy- 
sis of  a  large  amount  of  data  accumulated  during  over  twenty 
years  of  experience.  In  this,  the  proposed  circuit  breaker  appli- 
cation rules  follow  the  precedent  established  in  the  development 
of  empirical  rules  for  the  calculation  of  other  electrical  machines. 
The  great  difference  is,  though  that  whereas  most  other  electri- 
cal machines  and  devices  are  calculated  for  ordinary  or  steady 
circuit  conditions,  the  oil  drcuit  breaker  interrupting  capacity 
must  be  computed  for  extraordinary  or  transient  circuit  con- 
ditions. Therefore,  while  apparatus  for  steady  conditions  can 
be  built  to  within  2  or  3  per  cent  of  the  design  calculations,  oil 
circuit  breakers  frequently  have  interrupting  capacities  more 
than  60  per  cent  outside  the  design  calculations. 

One  other  factor  requiring  attention  is  the  application  of  break- 
ers to  growing  systems.  A  breaker  has  a  finite  capacity,  while 
compared  thereto  the  ultinMite  capacity  of  the  system  may  be 
infinite.  The  limitation  of  the  breaker,  while  known,  is  not 
alwa)rs  taken  into  account  as  the  system  grows.  Finally  a  point 
is  reached  in  the  expansion  where  the  breakers  are  quite  inade- 
quate and  a  failure  results.  The  possible  future  growth  of  a 
system  should  always  be  considered  at  the  time  the  breaker 
equipment  is  planned,  and  while  it  is  not  recommended  that  the 
initial  installation  of  breakers  be  suited  for  the  ultimate  develop- 
ment, it  is  suggested  that  the  arrangement  of  units  be  such 
that  if  the  system  grows  beyond  the  limits  of  the  circuit  in- 
terrupting equipment  initially  installed,  this  may  be  moved  to 
other  parts  and  replaced  by  larger  breakers  with  a  minimum 
of  expense. 

A.  Collins  (communicated  after  adjournment):  It  would 
be  of  interest  to  know  whether  the  authors  are  of  the  opinion 
that  the  factors  suggested  should  be  increased  if  a  three-phase 
generating  plant  is  short-circuited  across  one  pair  of  phases 
only,  as  this  may  have  some  bearing  on  the  breaking  capacity 
of  switches  in  which  a  separate  tank  is  employed  for  each  phase. 
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The  curves  given  are  presumably  based  on  three-phase  short 
circuits,  and  it  would  be  expected  that  although  the  short- 
circuit  current  across  one  pair  of  phases  is  actually  about  J3  per 
cent  less  than  the  three-phase  short-circuit  current,  owing  to 
the  decreased  armature  reaction,  the  resultant  field  will  decay 
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less  rapidly,  thus  producing  characteristic  curves  with  a  more 
gradual  slope,  see  Fig.  2. 

Under  the  heading  of  "Precautions"  there  are  one  or  two 
other  factors  which  may  tend  to  increase  the  stress  on  the  switch 
which  has  been  selected  by  the  use  of  the  data  provided. 

It  is  conceivable  that  a  high  resistance  fault  may  be  sufficient 
to  operate  the  protective  gear,  and  energize  the  trip  coil,  and 
that  this  fault  may  develop  into  a  dead  short  circuit  at  the  in- 
stant the  switch  contacts  separate.  With  maximum  assymetry, 
or  as  the  authors  describe  it,  maximum  possible  direct  compo- 
nent in  the  short-circuit  characteristic,  the  current  at  the  in- 
stant of  break  will  be  much  greater  than  that  given  by  the 
figures  in  Table  1 ;  for  example,  with  10  per  cent  reactance  the 
peak  value  of  the  short-circuit  current  would  be  20  times  the 
peak  value  of  the  full-load  current,  and  the  ratio  of  the  r.  m.  s. 
values  would  be  approximately  of  the  same  order. 

In  addition  there  is  the  doubling  effect  in  transformers  and 
reactance  coils,  resonance  and  other  phenomena. 

It  is  important  that  switches,  particularly  those  near  to  the 
generating  plant  should  be  selected  for  the  most  severe  conditions 
that  may  reasonably  be  expected,  but  I  should  like  to  hear  the 
authors*  opinion  as  to  how  far  they  consider  provision  should 
be  made,  if  any,  for  such  contingencies  as  those  just  mentioned. 

Charles  C.  Garrard  (communicated  after  adjournment): 
There  can  be  no  doubt  that,  at  the  present  time,  the  circuit 
breaker  forms  a  limiting  featiu-e  in  the  construction  of  very 
large  power  stations.  The  application  of  power  limiting  react- 
ances has  rendered  the  super-power  house  possible.  Such  react- 
ances are,  however,  costly  and,  in  themselves,  undesirable  pieces 
of  apparatus.  The  lower  limit  of  size  above  which  reactances 
are  necessary  is  fixed  to  a  very  great  extent  by  the  safe  ruptur- 
ing capacity  of  the  oil  circuit  breakers;  the  higher  this  is,  then 
the  greater  may  be  the  capacity  of  the  power  house  without  the 
addition  of  the  reactance  coils. 

This  subject  is  at  the  present  moment  occupying  the  attention 
of  the  standardizing  authorities  in  this  country.  A  conference 
dealing  with  it  was  held  recently  between  Mr.  H.  M.  Hobart 
representing  the  American  Institute  and  representatives  of  the 
Institution  of  Electrical  Engineers,  the  British  Engineering 
Standards  Committee  and  the  British  manufacturers.  In 
addition  a  committee  of  the  manufacturers  themselves  has  the 
matter  under  consideration,  and  it  is  hoped  that  this  committee 
will  be  able  before  very  long  to  publish  the  results  Si  its  deliber- 
ations. The  following  remarks,  in  the  meantime,  are  made  in 
the  writers*  personal  capacity. 

In  the  first  place  as  regards  the  pressiu-e  test  I  am  not  quite 
certain  what  is  meant  by  '*dry  conditions;**  I  presume  it  is 
intended  that  the  insulators  should  be  free  of  moisture  but  that 
the  oil  tanks  should  be  filled  to  their  normal  extent  with  oil.  If 
so  I  am  in  agreement,  imless  of  course  the  circuit  breaker  is  for 
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out-door  service  in  which  case  the  test  shoiild  be  taken  under 
rain-conditions. 

I  think  the  limit  of  temperature  rise  of  contacts  in  air  of 
20  deg.  cent,  (ambient  40  deg.  cent.)  is  too  low.  For  large  appar- 
atus especially,  it  is  difficult  to  work  with  such  a  low  limit,  more- 
over I  can  see  no  reason  at  all  for  such  a  small  figtu'e.  I  think 
30  deg.  cent,  is  quite  safe.  Again  the  temperature  limit  of 
70  deg.  cent,  for  oil  is  unduly  conservative  for  large  current 
circuit  breakers.  This  limit  might  be  retained  for  sizes  up  to 
and  including  2000  amperes;  above  this  however  a  tempera- 
ture rise  of  the  oil  of  40  deg.  cent,  is  not  unreasonable.  The 
temperature  should  be  measured  at  the  top  of  the  oil. 

The  most  important  point  of  the  whole  discussion  is  of  coiu^e 
the  rupturing  capacity.  It  follows  from  the  authors*  argiunents 
that  a  rating  in  terms  of  rupturing  current  is  recommended.  In 
this  the  authors  agree  with  the  German  standardizing  authori- 
ties. The  original  V.  D.  E.  suggestions  for  the  rating  of  oil- 
circuit  breakers  proposed  a  kilovolt-ampere  rating  (see  E.  T.  Z. 
16-2-11,  1911,  page  171),  but  this  was  afterwards  changed  to 
an  ampere  one.  There  are,  however,  very  considerable  ad- 
vantages in  the  adoption  of  a  kilovolt-ampere  rating.  Really, 
of  course,  there  is  no  essential  diflference  between  this  and  the 
authors*  system.  The  ampere  rating  is  simply  converted  into 
the  kv-a.  rating  by  multiplying  by  the  rated  pressure  and  the 
factor  1.73  and  dividing  by  1000.  For  rapid  calculations,  how- 
ever, and  for  the  comparison  of  circuit  breakers  on  different 
voltages,  the  kv-a.  rating,  in  the  writer's  opinion,  is  the  better 
one.  There  can  be  little  doubt  that,  probably  without  intro- 
ducing any  error  greater  than  that  inherent  in  the  underl3ring 
asstunptions  made  by  the  authors,  that  the  kv-a.  rating  (rup- 
turing capacity)  of  a  given  breaker  is  independent  of  the  volt- 
age. Thus  the  same  circuit-breaker  (if  the  insulators  be  suit- 
able) may  be  used  either  on  a  6000  or  a  3000-volt  circuit.  With 
the  ampere  rating  it  would  be  necessary  to  give  this  one  cir- 
cuit in  such  circumstances  two  different  ratings  for  its  rupturing 
capacity  which  would  be  likely  to  cause  confusion.  Moreover, 
to  the  present  writer,  it  seems  more  logical  to  rate  in  terms  of 
kv-a.  It  is  after  all  the  power  flowing  which  is  rupttu'ed.  It 
is  the  absorption  of  power  within  the  circuit-breaking  device 
over  the  time  taken  for  the  rupture,  i.  e.  the  total  energy  ab- 
sorbed in  the  oil,  which  does  the  damage.  The  theoretically 
correct  rating  would  therefore  be  in  kilowatts  rupttuing  capac- 
ity; this,  however,  introduces  questions  of  power  factor  etc., 
as  to  which  no  exact  statement  can  be  made.  It  seems,  therefore, 
that  the  kilovolt-ampere  rating  is  the  best  under  the  circum- 
stances. Certainly  in  this  country  the  present  tendency  is 
towards  this  conclusion. 

As  regards  the  prescribed  duty  I  am  in  agreement  with  the 
suggestion  that  the  breaker  should  interrupt  its  rated  rupturing 
current  (or,  as  I  prefer,  its  rated  kv-a.)  twice  in  succession,  and 
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then  be  in  condition  to  be  closed  and  cany  its  rated  current 
until  it  is  practicable  to  inspect  it  and  make  any  necessary  ad- 
justments. I  do  not  think  however  a  two-minute  interval 
should  be  called  for  between  the  two  operations;  it  should  be 
allowable  that  these  should  follow  each  other  rapidly  as  this 
is  in  accordance  with  practical  operating  conditions. 

The  definition  of  breaking  capacity,  therefore,  which  I  would 
suggest  is  as  follows:  "The  breaking  capacity  of  an  oil  circuit 
brewer  should  be  given  in  kilovolt  amperes  based  on  the  rated 
pressure  and  the  current  at  the  instant  of  break.  The  rating 
of  an  oil  circuit  breaker  shall  be  the  maximum  kilovolt  amperes 
the  circuit  breaker  will  break  twice  in  succession,  and  after  this 
be  capable  of  canying  normal  current." 

The  curves  and  examples  given  by  the  authors  as  aids  in  the 
selection  of  an  oil  breaker  for  any  particular  duty  are  most  val- 
uable and  wiU  be  of  great  service  to  the  user  and  manufacturer. 
I  am  inclined  to  think  however  that  the  method  as  a  whole  is 
too  complicated  for  practical  use.  It  must  be  remembered  that 
at  the  present  time  no  generally  accepted  system  whatever  is  in 
use.  The  step  from  this  state  of  affairs  to  the  very  complete 
statement  suggested  by  the  authors  is  a  very  large  one.  A 
simpler  proposal  is,  I  consider,  feasible,  and  while  such  would 
constitute  a  really  very  great  advance  over  present  day  practise^ 
it  would  be  more  likely  to  receive  general  support  on  account 
of  its  greater  ease  of  application. 

As  an  example  of  what  I  mean  I  would  point  out  that  the 
authors'  method  entails  a  statement  of  the  time  taken  by  the 
circuit  breaker  to  open  its  contacts.  This  generally  under 
practical  conditions,  is  unknown.  Moreover  it  is  a  very  var- 
iable quantity,  depending  on  the  electrical  and  mechanical 
conditions  of  the  controUing  and  operating  mechanisms,  and, 
in  the  case  of  electrically  operated  breakers,  on.  the  voltage 
of  the  operating  battery.  Practical  considerations  would  there- 
fore require  an  average  assumption  to  be  made  in  nearly  all 
cases. 

Seeing  therefore  that  it  will  nearly  always  be  necessary  to 
make  an  assumption  it  seems  to  me  unwise  to  complicate  the 
issue  in  an  attempt  to  secure  a  greater  scientific  exactitude  than 
the  original  assumption  will  allow.  I  think  that  the  following 
simple  assimiptions  for  example  will  probably  be  entirely 
sufficient. 

Kilovolt  amperes  to  be  broken  by)  ^Qg  (Rated  kv-a.  X  100) 
generator  circuit  breaker  J  percentage  generator 

reactance. 

It  will  be  seen  that  the  factor  0.6  has  been  assumed  to  allow  for 
the  rapid  fall  of  the  short-circuit  cturent  from  its  high  initial 
value  before  the  circuit  breaker  has  time  to  operate.    Moreover 
the  doubling  effect  has  been  neglected. 
For  oil  circuit  breakers  at  the  ends  of  feeders  it  will  be  prob- 
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ably  qtiite  sufficient  to  assume  constant  busbar  voltage  in  the 
generating  station  and  calculate  the  short  circuit  taking  into 
account  the  impedance  of  the  feeder.  When  dealing  with  feeders 
I  do  not  think  it  right  to  neglect  the  resistance;  this  is  especi- 
ally so  with  underground  cables. 

I  would  also  like  to  suggest  that  the  examples  given  in  the  paper 
should  be  amplified  by  considering  what  happens  when  the  oil 
circuit  breaker  interrupts  a  ring  main,  and  also  the  effect  of 
running  synchronous  motors. 

Applying  the  simple  foimula  given  above  to  an  alternator 
having  8  per  cent  total  reactance  we  get  kv-a.  to  be  broken  =  7.6 
times  rated  kv-a.  This  value  on  the  authors  etudes  (Fig.  2.) 
is  obtained  at  0.25  seconds  from  the  time  the  short  circuit 
begins.  It  is  obvious  that  if  the  time  taken  by  the  circuit 
breaker  to  operate  be  shorter  than  0.26  seconds,  the  factor  0.6 
is  too  small.  The  question  really  resolves  itself  to  determining 
what  factor  represents  most  closely  the  general  results  of  ex- 
perience. 

I  would  like  to  suggest  in  conclusion  that  this  simple  state- 
ment of  the  usual  case  should  be  considered  by  the  American 
Standardizing  Authorities  with  the  object  of  using  it  for  the 
usual  run  of  work  and  reserving  the  more  detailed  data  of  the 
authors  for  use  on  special  occasions. 

G.  A.  Bumham:  Mr.  Collins'  question  as  to  whether  the 
authors  had  taken  into  consideration  a  single-phase  short 
circuit  on  three-phase  generating  plants,  was,  I  believe,  fully 
covered  by  Mr.  Willard's  remarks.  The  authors  feel,  however, 
that  for  average  application  the  curves  give  a  sufficient  factor 
of  safety  to  take  care  of  this  condition. 

With  reference  to  Mr.  Collins's  statement  wherein  a  high- 
resistance  fault  may  be  so  long  developing  into  a  so-called 
"dead  short  circuit'*  that  the  maximum  current  might  occur 
at  the  instant  when  the  switch  contacts  separated,  is  one  of 
the  factors  which  must  be  eliminated  in  the  selection  of  breakers 
for  average  application,  or  else  the  breakers  would  have  to  be 
selected  on  the  basis  of  instantaneous  tripping,  and  this  might 
mean  for  average  conditions,  a  too  conservative  application. 

Mr.  Garrard  has  contributed  an  interesting  discussion.  It 
is  possible  that  the  words  "dry  conditions"  in  the  absence  of 
any  remarks  with  reference  to  the  dielectric  tests  for  switching 
equipment  for  outdoor  service  might  lead  one  to  believe  that 
the  dry  dielectric  test  was  to  be  made  without  oil  in  the  tank. 
This,  however,  is  not  the  information  which  it  was  desired  to 
convey.  It  is  found  necessary  to  differentiate  in  the  dielectric 
tests  for  apparatus  used  for  indoor  service  and  for  outdoor 
service.  Apparatus  for  indoor  service  is  to  be  tested  under 
dry  conditions,  that  is,  the  insulators  and  structure  would  be 
dry,  but  their  tanks  would  be  filled  with  oil  to  the  proper 
level. 

This  difficulty  will  undoubtedly  be  cleared  up  in  the  near 
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futtire,  as  there  is  before  the  Standards  Committee  at  the 
present  time  recommendations  for  the  dilectric  test  of  appara- 
tus to  be  used  indoors  and  also  apparatus  for  use  out  of  doors. 

I  do  not  entirely  agree  with  Mr.  Garrard  that  the  kv-a. 
rating  or  rupturing  capacity  of  a  given  breaker  is  independent 
of  the  voltage.  There  seems  to  be  quite  a  difference  of  opinion 
in  America  in  reference  to  this  point.  It  is  undoubtedly  true 
within  reasonable  limits,  but  circuit  breakers  designed  for  a 
given  kv-a.  interrupting  capacity  for  a  given  voltage  probably 
would  not  interrupt  the  energy  in  a  circuit  of  equal  kv-a.  capac- 
ity on  a  very  low  voltage.  It  would  be  necessary,  therefore, 
to  give  different  kv-a.  ratings  for  the  same  circuit  breaker  when 
used  on  voltages  differing  widely  from  the  maximum  rated 
voltage. 

If  all  generators  had  the  same  reactance  and  time-current 
decrement  curves,  and  all  transformers  had  the  same  reactance, 
irrespective  of  their  kv-a.  capacity,  and  that  it  would  be  assumed 
that  the  kv-a.  interrupting  capacity  of  a  circuit  breaker  was 
dependent  only  on  the  product  of  the  current  and  voltage  at 
the  instant  of  the  parting  of  the  circuit  breaker  contacts,  the 
kv-a.  basis  of  interrupting  capacity  would  tmdoubtedly  offer 
advantages.  These  assumptions  have  evidently  been  the  basis 
of  Mr.  Garrard's  recommendations  for  determining  the  kv-a. 
to  be  interrupted  by  generator  circuit  breakers.  It  would  seem, 
however,  that  circuit  breakers  when  called  upon  to  trip  within 
a  second  to  a  second  and  a  half  after  the  occurrence  of  a  short 
circuit  would  not  be  applied  as  conservatively  in  many  cases 
as  would  be  required,  and,  on  the  other  hand,  in  many  instances 
would  be  very  much  larger  than  required. 

I  fuDy  agree  with  Mr.  Ganard  that  resistance  should  not  be 
neglected  when  dealing  with  feeders  alone;  as  it  has  a  very 
modifying  effect  upon  the  short-circuit  ciurent,  particularly 
as  he  mentions  on  underground  systems.  However,  when  con- 
sidering feeder  circuits  in  conjunction  with  reactors,  trans- 
formers and  the  reactance  of  generators,  the  effect  of  resistance 
as  to  the  value  of  the  short-circuit  current  is  usually  relatively 
small. 

Mr.  Jones*  and  Mr.  Torchio's  remarks  concerning  stand- 
ardization are  of  great  interest  to  the  manufacturer.  Certainly, 
if  we  can  arrive  at  some  form  of  standardization,  if  only  appl)ring 
to  structtu-e,  mounting,  etc.,  it  will  relieve  the  manufacturers 
of  a  great  deal  of  special  engineering  and  hasten  the  production 
of  standard  apparatus. 

Standardization  is  a  most  important  factor.  If  engineers, 
in  laying  out  their  plans,  gave  this  matter  more  serious  con- 
sideration, I  can  assure  you  it  would  be  of  great  economic 
valuei,  particularly  in  the  moderate  sized  installation. 

In  reference  to  using  factors  to  modify  values  representing 
the  interrupting  capacity  of  oil  circuit  breakers  where  conditions 
cause  widely  different  re-established  voltages,  I  do  not  believe 
it  is  possible  with  the  data  at  hand. 
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I  might  answer  Mr.  Hunt  and  Mr.  Pollard  on  the  question 
of  knowing  more  about  the  various  factors  mentioned  and  the 
relative  effect  which  they  have  on  the  circuit  breaker  interrupting 
capacity.  At  the  present  time  there  is  no  suitable  apparatus 
that  would  allow  one  to  determine  with  any  degree  of  accuracy 
the  relative  effects  of  the  various  factors  mentioned.  It  is  a 
question  of  a  long  field  experience,  or,  in  other  words,  careful 
observation  of  the  particular  piece  of  apparatus  under  widely 
varying  conditions.  The  circuit  breaker  manufacturer  woiild 
welcoifie  any  suggestions  that  would  be  of  assistance  in  giving 
more  information  pertaining  to  the  action  of  oil  switching  equip- 
ment. Mr.  Pollard  and  Mr.  Hunt  also  brought  up  the  question 
that  even  after  the  paper  had  been  presented  and  even  after 
these  curves  were  published  by  the  manufacturers,  it  would 
then  be  practically  impossible  to  make  application  of  them. 
I  think  with  the  general  publications  as  they  are  today  that 
it  is  true,  to  a  certain  extent,  but  in  the  newer  publications 
which  all  manufacturers  are  preparing,  proper  information  will 
be  available.  There  will  tmdoubtedly  be  listed  the  minimum 
tripping  time  of  each  type  and  form  of  circuit  breaker,  also  the 
minimum  tripping  time  of  various  forms  of  relays  that  are 
associated  with  circuit  breakers  in  order  that  the  total  lapse 
of  time  may  be  determined.  It  will  then  only  be  necessary  for 
the  customer  to  determine  his  relay  settings  to  arrive  at  the 
maximum  time  from  the  instant  of  short  circuit  to  the  parting 
of  the  contacts,  and,  knowing  his  reactance,  pick  out  the  cur- 
rent value  from  the  transient  ciurent  curves. 

I  believe  that  this  will  take  care  of  a  great  deal  of  the  diffi- 
culty that  we  are  encountering  at  present. 

Mr.  Dewey's  and  Mr.  WiUard's  remarks  cover  the  question 
of  average  systems.  It  cannot  be  described  in  a  few  words, 
but  I  believe  these  curves,  with  the  exception  of  the  few  con- 
ditions pointed  out,  will  apply  in  probably  75  per  cent  of  the 
applications. 

I  want  to  emphasize  Mr.  Lincoln's  statement  in  reference 
to  cooperation  between  the  user  and  the  manufacturer.  The 
manufacturer  tries  to  get  all  possible  information  pertaining 
to  the  system  to  assist  the  customer  in  making  proper  applica- 
tion. A  closer  cooperation  will  result  in  a  better  understanding 
of  the  situation,  not  only  from  the  standpoint  of  the  customer 
with  reference  to  the  manufacturer,  but  of  the  manufacturer 
in  reference  to  the  customer's  viewpoint. 

The  real  object  of  this  paper  was  to  state  as  clearly  as  we  could 
terms  which  could  be  us«i  so  that  when  each  of  us  got  through 
with  a  problem  and  assumed  the  same  conditions,  we  would 
arrive  at  the  same  conclusion.  As  Mr.  Hewlett  pointed  out, 
we  desire  to  establish  a  bench  mark  to  be  used  by  all,  and  this 
will  allow  a  more  consistent  conclusion  in  the  analysis  of  the 
various  circuit  breaker  problems. 
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A  NEW  STANDARD  OF  CURRENT  AND  POTENTIAL 


BY  CHESTER  T.  ALLCUTT 


Abstract  of  Paper 

This  paper  describes  a  new  secondary  standard  which  is  pro- 
posed as  a  substitute  for  the  standard  cell  in  certain  classes  of 
d-c.  measurements.  The  device  consists  of  a  Wheatstone  bridge 
which  will  balance  for  but  one  value  of  current. 

Various  factors  affecting  the  accuracy  and  permanence  of 
the  device  are  discussed  and  a  number  of  curves  are  given 
showing  the  characteristics  which  have  been  obtained. 


THE  increasing  use  of  potentiometers  in  commercial  service, 
especially  in  connection  with  the  measurements  of  tem- 
perature by  means  of  thermocouples,  makes  it  very  desirable  to 
secure  a  substitute  for  the  standard  cell  usually  required  by  these 
instruments.  The  serious  shortage  of  standard  cells  caused  by 
the  war  has  emphasized  this  need.  Furthermore,  it  is  being 
recognized  that  it  is  poor  economy  to  use  a  costly  precision  stand- 
ard in  a  commercial  potentiometer  which  reads  to  three  signifi- 
cant  figures  at  the  most. 

In  order  to  eliminate  the  standard  cell  from  the  type  of  thermo- 
couple potentiometer  used  in  measuring  the  temperature  of 
electrical  machines,  it  has  become  qtnte  common  practise  to 
use  a  calibrated  current-measuring  instnunent  for  setting  the 
current.  A  long-scale  galvanometer,  in  connection  with  a  suit- 
able shunt,  is  used  as  a  deflection  instnunent  for  setting  the  ctu*- 
rent  in  the  potentiometer  circuit.  After  setting  the  current, 
the  same  galvanometer  is  used  as  a  null  instrument  for  balanc- 
ing the  thermocouple  e.m.f.  against  the  potentiometer.  The 
chief  objection  to  this  practise  is  the  fact  that  it  necessitates 
the  use  of  a  very  high-grade  galvanometer.  A  long-scale  gal- 
vanometer, suitable  for  use  as  a  deflection  instrument,  is  nec- 
essarily much  more  costly  and  more  delicate  than  a  short-scale 
instrument  of  the  same  sensitivity.  For  this  reason  it  is  de- 
sirable to  provide  a  means  for  setting  the  current  which  will  not 
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only  eliminate  the  standard  cell  but  will  also  remove  the  neces- 
sity for  a  deflection  instrument. 

Description  of  Proposed  Standard 
The  new  standard  which  is  proposed  as  a  substitute  for  the 
standsurd  cell  in  certain  classes  of  d-c.  measiu'ements  is  essen- 
tially a  Wheatstone  bridge  which  will  balance  for  but  one  value 


Fig.  1 


of  current.  Referring  to  Fig.  1,  the  device  consists  of  a  Wheat- 
stone  bridge  comprising  three  constant  resistances,  A ,  C  and  D 
and  a  fourth  element  B,  whose  resistance  is  a  function  of  the  cur- 
rent flowing  through  it.  In  practise,  the  resistance  element  B 
consists  of  an  evacuated  glass  bulb  which  encloses  a  fine  filament 
of  a  material  having  a  relatively  high  temperature  coefficient  of 


ofB 


resistivity.  A  galvanometer  G  is  connected  across  the  bridge 
and  the  leads  E  and  F  are  connected  to  an  external  source  of  di- 
rect current  (not  shown).  For  the  purpose  of  illustrating  the 
action  of  the  bridge,  let  us  asstmie  that  the  resistances  C  and  D 
are  equal.  It  is  then  obvious  that  the  bridge  will  balance  when 
the  resistance  of  ^  is  equal  to  the  resistance  of  A.  Fig.  2  shows 
graphically  the  relations   involved.      The  bridge  will  balance 
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when  the  current  through  the  branch  A  Bot  the  bridge  is  equal 
to  the  abscissa  of  the  point  P.  We  thus  provide  a  simple  null 
method  for  setting  the  current  in  a  circuit  at  a  predetermined 
value. 


The  Variable  Resistance  Element — Construction  and 
Characteristics 
The  practicability  of  the  device  depends  on  securing  a  vari- 
able resistance  having  the  desired  cturent-resistance  character- 
istics, together  with  a  high  degree  of  permanence.  For  use 
with  potentiometers,   it  is  necessary  to  have  the  bridge  balance 

at  a  rather  low  value  of  current, 
20  milliamperes  being  the  usual 
value  for  portable  potentio- 
meters. The  necessary  properties 
of  the  variable  resistance  element 
may  be  most  readily  obtained  by 
using  the  construction  already 
referred  to ;  i.e.,  a  fine  filament  in 
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a  vacuum  bulb.  It  was  found 
possible  to  obtain  resistances  in 
this  manner  whose  value  would 
change  very  rapidly  with  small 
changes  in  current,  even  with 
currents  of  a  few  milliamperes. 
A  ntimber  of  bulbs  have  been 
made  which  would  more  than 
double  in  resistance  when  heated 
by  the  passage  of  0 .  005  ampere. 
Fig.  3  shows  a  typical  current- 
resistance  curve  of  such  a  bulb.  It  will  be  seen  that  for  ciu*- 
rents  of  more  than  two  milliamperes  the  resistance  increases 
very  rapidly  with  the  current. 

Most  of  the  bulbs  experimented  with  by  the  writer  had  plati- 
num filaments  approximately  0.0005  cm.  in  diameter  and  from 
1  to  3  cm.  in  length.  Silver  coated  platinum  wire  (WoUaston 
wire)  was  used,  in  order  to  facilitate  the  handling  incident  to 
mounting  the  filament  in  place.  After  moimting  the  filament, 
the  silver  coating  was  removed  by  means  of  nitric  acid,  leaving 
the  platintam  core  exposed. 

The  bulbs  were  evacuated  to  from  10"^  to  10"*  mm.  of  mercury. 
Past  experience  with  high  vacua  has  shown  that  even  with  pres- 
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sures  as  low  as  10"~*  mm.,  a  very  high  degree  of  permanence  may 
be  obtained.  Furthermore,  at  pressures  as  low  as  10~*mm.,  the 
change  in  heat  conduction  from  the  filament  with  changes  in 
pressure  is  extremely  small.  In  order  to  secure  the  permanence 
of  vacuum  referred  to  above,  it  is  necessary  to  observe  the  usual 
Jjrecautions,  such  as  heat  treatment  of  the  glass,  etc.,  during  the 
process  of  evacuation. 

Another  operation  necessary  for  securing  the  requisite  degree 
of  permanence  is  "seasoning"  the  filament  by  passing,  for  a  con- 
siderable time,  enough  current  to  heat  the  filament  to  a  bright 
red  heat.     Twenty-four  hours  of  seasoning  was  found  to  be 
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ample.  In  every  case  the  filament  should  be  heated  to  a  tem- 
perature considerably  above  the  temperature  at  which  it  is 
to  operate.  Fig.  4  shows  the  effect  of  seasoning  the  filament  on 
the  characteristics  of  a  bulb.  Curve  A  shows  the  current- 
resistance  characteristics  of  a  new  bulb.  Curve  B  is  plotted  from 
data  taken  24  hours  later,  while  Curve  C  was  taken  after  24  hours 
seasoning.  Further  tests  at  a  later  date  followed  Curve  C  with 
great  exactitude. 

Another  factor  which  might  be  expected  to  detract  from  the 
permanence  of  the  bulbs  is  the  possibility  of  a  gradual  change  in 
the   resistance    of   the   filaments  due  to  evaporation.     As,  in 
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every  case,  it  is  proposed  to  operate  the  filaments  below  red  heat, 
no  trouble  from  this  soiirce  need  be  feared. 

In  order  to  observe  the  effect  of  ambient  temperature  on  the 
current-resistance  characteristics  of  a  bulb,  the  data  given  in 
Table  I  were  taken.  Fig.  6  presents  part  of  these  data  graph- 
ically. It  will  be  seen  that  for  the  larger  values  of  current  the 
effect  of  ambient  temperature  is  very  small.  For  example,  at 
six  milliamperes  the  temperature  coefficient  is  about  0.007  per 
cent  per  deg.  cent,  change  in  ambient  temperature.  For  some 
classes  of  service  this  temperature  coefficient  is  negligible.     In 

TABLE  I— TESTS  ON  BULB  H  SHOWING  BPPECT 
OP  AMBIENT  TEMPERATURES. 


Temp. 

Current 

Resistance 

in  oven 

through  bulb 

of  butt) 

19«C. 

0.001  ampere* 

74.08  ohms 

10   " 

0.002 

06.5 

10   " 

0.004 

140.6 

10   " 

0.006 

171.1       " 

44»C. 

0.001  amperes 

75.33  ohms 

46   " 

0.002 

07.65     " 

46   " 

0.004 

141.05     •• 

46   " 

0.006 

171.8       " 

66<»C 

0.001  amperes 

77.26  ohms 

65   " 

0.002 

00.0 

64   " 

0.004 

141.7       " 

64   " 

0.006 

171.0       •• 

102»C. 

0.001  amperes 

81.05  ohms 

101  •• 

0.002 

101.5       *• 

100   " 

0.004 

142.0       " 

100   " 

0.006 

172.1       " 

any  case,  however,  it  may  be  exactly  compensated  for  by  giving 
one  of  the  fixed  resistances  of  the  bridge  with  which  the  bulb  is 
used  a  proper  temperature  coefficient,  thus  making  the  current 
for  which  the  bridge  will  balance  entirely  independent  of  room 
temperature. 

The  degree  of  permanence  possible  is  shown  by  the  data  given 
in  Table  II.  These  data  are  the  results  of  a  series  of  observa- 
tions on  a  bulb,  covering  a  period  of  several  weeks.  It  will  be 
noted  that  for  the  smaller  values  of  current  there  are  differences 
in  the  values  of  the  resistance  that  may  be  accounted  for  by 
differences  in  room  temperature,  while  for  larger  values  of  cuT" 
rent  the  effect  of  room  temperature  is  apparently  negligible. 
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Characteristics  op  New  Standard 
Figs.  6  and  7  show  the  sharpness  of  balance  that  can  be  ob- 
tained in  a  bridge  using  a  bulb  of  the  type  described.    These 

TABLE  II— RECORD  OP  TESTS  ON  BULB  G. 


Obser- 
vation 
No. 

Room 
temp. 

Resistance  at  different  values  of  current. 

0.001 

0.002 

0.004 

0.006 

0.008 

amperes 

1 
2 
3 

4 

5 
6 
7 
8 

9 

26.5 
25. 
23.5 
24. 

25. 
24. 
24.5 
27. 

27. 

52.6 
52.5 
52.2 
52.4 

52.5 
52.4 
52.2 
52.4 

52.5 

60.7 
60.6 
60.4 
60.5 

60.7 
60.5 
60.4 
60.5 

60.6 

92.6 
92.5 
92.5 
92.5 

92.7 
92.5 
92.5 
92.6 

92.6 

116.9 
116.8 
116.9 
116.9 

116.9 
116.8 
116.8 
116.9 

116.9 

134.9 
134.9 
134.9 
134.8 

134.9 
134.9 
134.9 
134.9 

134.9 

curves  give  the  unbalanced  voltage  of  the  bridge  (i.  e.,  the  volt- 
age tending  to  send  current  through  the  galvanometer)  as  a 
function  of  the  current  flowing  through  the  bridge.     The  sharp- 
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Fig.  6 


5  10         15         20 

current  thru  bridge  milu-volts 

Fig.  7 — Characteristics  of 

Bridge  Using  Bulb  H 


ness  of  balance  may  be  increased  by  using  two  bulbs  connected 
in  opposite  arms  6f  the  bridge,  but  it  has  been  found  that  a  suffi- 
cient degree  of  sensibility  may  be  secured  with  but  one  bulb. 
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Fig.  8  is  from  a  photograph  of  the  bridge  whose  characteristics 
are  given  in  Fig.  7.  This  illustration  also  shows  a  bulb  similar  to 
the  one  used  in  constructing  the  bridge.  The  bridge  was  de- 
signed to  balance  with  a  current  of  20  milliamperes.  In  addi- 
tion, leads  were  brought  out  having  just  one  volt  potential  dif- 
ference between  them  when  the  bridge  is  balanced.  A  rheostat 
is  mounted  in  the  same  box  with  the  bridge.     Fig.  9  is  a  diagram 

of  connections  of  the  device.  In 
using  this  standard,  a  dry  cell 
is  connected  to  the  binding  posts 
marked  B  and  a  galvanometer 
at  G.  Then  the  rheostat  is  ad- 
justed imtil  the  galvanometer 
shows  no  deflection.  When  the 
bridge  has  been  balanced  in  this 
manner  there  is  one  volt  between 
the  terminals  marked  £.  The 
instrument  is  thus  a  very  simple 
standard  of  both  current  and 
e.m.f. 

For  use  with  potentiometers^ 
the  current-setting  bridge  is  permanently  connected  in  series 
with  the  potentiometer  circuit.  Means  are  provided  for  throw- 
ing the  galvanometer  either  across  the  bridge  or  in  the  circuit 
leading  to  the  tmknown  e.m.f. 

Conclusion 
The  work  done  in  connection  with  the  development  of  this  new 
standard  has  demonstrated  that  it  may  be  relied  upon  to  main- 
tain an  acctiracy  of  ifc  0.1  per  cent.  The  sensibility  to  current 
changes  is  ample,  as  it  is  very  easy  to  set  the  current  to  within 
0.1  per  cent  with  the  type  of  galvanometer  usually  supplied  with 
portable  potentiometers.  The  device  may,  therefore,  be  re- 
garded as  a  suitable  substitute  for  the  standard  cell  for  practically 
all  classes  of  service  outside  of  precision  laboratory  work 
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A  THERMOELECTRIC  STANDARD  CELL 

BY  C.  A.  HOXIB 


Abstract  of  Papbr 


This  paper  considers  a  means  of  obtaining  a  secondary  stand- 
ard of  e.  m.  f .  by  utilizing  the  e.  m.  f .  of  a  thermocouple.  The 
standard  thermo  cell  is  fundamentally  a  standard  of  current, 
in  that  it  requires  a  definite  value  of  current  to  function  properly. 

The  operation  of  the  cell  consists  in  balancing  the  potential 
across  a  resistance  against  the  thermoelectric  e.  m.  f .  of  the 
thermocouple.  This  requires  a  definite  value  of  current  through 
a  filament  which  is  a  source  of  heat  for  the  thermocouple. 

The  temperature  coefificient  has  different  values,  depending 
upon  the  temperature  of  the  heating  filament.  Means  are  pro- 
vided for  compensating  for  the  temperature  coefficient  of  the 
cell.  The  construction  of  the  cell  is  discussed  in  detail,  par- 
ticvdsLTly  the  use  of  gas  in  the  bulb. 

A  review  of  the  characteristics  brings  out  several  advantages 
of  the  thermoelectric  standard  cell.  The  results  of  permanency 
tests  on  a  number  of  cells  are  shown.  The  standard  cell  has 
been  successfully  applied  to  potentiometers  designed  for  thermo- 
couple work.  Further  experimental  work  on  this  cell  is  now 
under  way. 


MOST  engineers  are  familiar  with  the  uses  and  limitations  of 
standard  cells  of  the  Clark  or  Weston  types.  Those  who 
have  used  either  of  these  cells  know  that  they  will  not  function 
at  freezing  or  boiling  point  temperatures,  and  are  easily  damaged 
if  an  appreciable  current  is  drawn,  as  by  accidental  short  cir- 
cuiting. 

Though  the  'Thermal"  cell  about  to  be  described  is  not, 
strictly  speaking,  a  primary  standard  or  source  of  e.  m.  f.,  as  is 
the  Clark  or  Weston  cell,  it  is  at  least  free  from  the  above  draw- 
backs. It  may  be  more  properly  classed  as  a  secondary  stand- 
ard, its  value  being  determined  by  comparison  with  a  primary 
standard.  In  fact  it  is  just  as  legitimate  to  call  it  a  standard  of 
current  as  of  e.  m.  f .,  and  perhaps  a  little  more  so,  for  the  reason 
that  it  is  simply  a  combination  comprising  a  resistance,  a  thermo 
junction  and  a  heater  wire  arranged  in  such  a  manner  that  it 
requires  a  current  of  a  certain  definite  value  in  order  for  it  to 
function  properly.    A  standard  value  of  e.  m.  f.,  however,  may 

176 


Digitized  by  VjOOQ IC 


176  HOXIE:  THERMOELECTRIC  CELL  [Feb.  15 

be  obtained  by  taking  the  drop  across  a  suitable  resistance 
placed  in  the  circuit. 

To  be  more  explicit,  the  standard  thermal  cell  in  its  present 
form  consists  of  a  glass  bulb  containing  a  thermo  junction  T, 
(see  Fig.  1)  a  heating  filament  H  which  is  not  in  contact  with  the 
junction,  the  balancing  resistance  R  and  the  drop  resistance  Ri. 
These  are  mounted  in  a  case  with  binding  post  connections  on  the 
top.     (See  Fig.  2.) 

Operation 

If  a  battery  and  galvanometer  are  connected  as  shown  in 
Fig.  1,  and  the  current  adjusted  to  a  critical  value  the  galvano- 
meter will  indicate  a  balance.  The  reason  for  this  may  be  readily 
understood  by  reference  to  Fig.  3.     The  curve  a  represents  the 


Galvanometer-tJ     /^      A^TX  JJ"  ^•^^ 


Fig.  1 — Diagram  of  Standard  Thermo-Cell  Circuit 

T  —  Thermo  junction 

H  M  Heating  filament 

a  ^  Cold  end 

R  "  Balancing  resistance 
Ri  i*  Drop  resistance 
R^  >  Rheostat 
s  "  Galvanometer  short-circuiting  switch 

drop  of  potential  across  the  balancing  resistance  72  as  a  function 
of  the  current  through  the  heater  H.  The  curve  b  shows  varia- 
tion of  the  thermal  e.  m.  f .  of  the  junction  with  the  current 
through  the  heating  filament.  These  curves  indicate  that  the 
thermal  e.  m.  f .  is  approximately  proportional  to  the  second  power 
of  the  current  through  the  heater,  while  the  drop  across  the 
resistance  R  varies  directly.  The  point  of  intersection  C  of  these 
curves  is  that  point  at  which  the  thermal  e.  m.  f.  equals  the  drop 
of  potential  across  the  balancing  resistance.  Therefore  by 
adjusting  the  current  through  the  heating  filament  to  this  critical 
value,  we  have  a  means  of  obtaining  a  definite  potential  drop 
across  the  resistance  Ri,  In  order  to  obtain  a  high  value  of 
thermal  e.  m.  f.  it  is  desirable  to  heat  the  filament  to  a  high 
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temperature.  The  maximum  current  that  can  be  used  without 
effecting  the  constancy  of  the  cell,  is  that  which  will  bring  the 
filament  to  a  dull  red  heat  when  viewed  in  a  dark  room.  Under 
actual  operating  conditions  the  filament  current  is  generally 
maintained  somewhat  below  this  value  to  prevent  damaging  the 
cell  due  to  an  accidental  increase. 

In  many  of  the  tests  with  these  cells  a  lead  storage  battery 
having  a  maximimi  variation  in  e.  m.  f .  from  2.4  to  0.8  volts  has 
been  employed.  By  reducing  the  filament  current  to  about  10 
per  cent  below  the  reddening  point,  the  cell  can  be  constructed 
so  that  2.4  volts  applied  to  its  terminals  will  not  damage  the  cell. 
The  adjustment  to  the  critical  balancing  current  is  then  secured 
by  means  of  a  rheostat  in  the  battery  circuit. 

Temperature  Coefficient.     Since  the  drop  and  balancing  re- 


RLAMENT  AMPERES' 

Pig.  3 — Curves  Showing  Relation  between  Potential  Drop  Across 
Balancing  Resistance  and  the  £.  M.  P.  Generated  at  the  Thermo 
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sistances  are  constructed  of  wire  which  has  a  negligible  tempera- 
ture coefiicient,  any  change  in  the  potential  across  the  drop  re- 
sistance must  be  due  to  a  variation  of  the  thermal  e.  m.  f . 

It  is  found  that  when  the  cell  has  been  adjusted  so  that  the 
current  necessary  for  a  balance  is  sufficient  to  bring  the  filament 
to  a  dull  red  heat,  the  cell  has  no  measurable  temperature  coeffi- 
cient. If  adjusted  to  any  smaller  value  of  current  a  negative 
coefficient  results.  This  is  due  to  the  fact  that  up  to  a  certain 
point,  a  rise  in  the  surrounding  temperature  increases  the  thermal 
e.  m.  f .  of  the  couple  for  a  given  difference  in  temperature  be- 
tween the  cold  and  hot  ends.  Apparently  this  critical  point  is 
reached  when  the  filament  attains  a  dull  red  heat. 

The  fundamental  cause  of  the  temperature  coefficient  of  the 
cell  is,  as  previously  stated,  the  positive  temperature  coefficient 
of  the  thermal  e.  m.  f .     If  a  portion  of  the  balancing  resistance 
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is  constructed  with  the  proper  amount  of  some  metal  having  a 
positive  temperature  coefficient,  the  increase  in  thermal  e.  m.  f. 
is  balanced  by  an  increased  drop  across  the  balancing  resistance, 
hence  it  becomes  unnecessary  to  vary  the  filament  current.  We 
have  therefore  compensated  for  the  temperature  coefficient  of  the 
cell. 

Construction 

Considerable  experimental  work  was  necessary  to  determine 
the  proper  construction  of  the  various  parts  of  the  thermal  cell. 
The  results  of  this  work  will  now  be  discussed. 

Heating  Filament  and  Couple  Wires.  The  heating  filament 
and  junction  wires  are  kept  under  tension  in  order  to  maintain 
a  constant  position  with  respect  to  each  other.  The  tension  is 
produced  by  small  spirals  located  at  the  base  of  the  bulb.  Even 
with  this  construction,  it  is  probable  that  the  relation  between 
the  heater  and  the  filament  will  vary,  due  to  contraction  and 
'  expansion  of  the  metal  springs. 

At  first  we  would  say  that  any  variation  in  this  separation 
would  seriously  effect  the  thermal  e.  m.  f .  Experiments  show 
that  small  differences  of  separation  did  not  effect  the  e.  m.  f . 
generated  at  the  junction.  The  explanation  of  this  phenomena 
is  found  by  considering  the  transfer  of  heat  from  small  wires  in 
gases.*  It  has  been  found  that  loss  of  heat  from  wires  by  free 
convection  takes  place  as  if  a  gaseous  film  surrounded  the  wire 
and  the  heat  was  transferred  through  this  film  by  conduction. 
It  has  also  been  determined  that  the  thickness  of  the  film  is 
independent  of  the  temperature  but  is  dependent  upon  the  dia- 
meter of  the  wire.  Evidently  if  we  asstune  other  factors  con- 
stant, we  will  obtain  a  steady  transfer  of  heat  from  the  heating 
filament  to  the  junction,  if  we  arrange  the  junction  so  that  it 
always  remains  within  the  gaseous  envelope  surrounding  the 
heater. 

The  characteristics  of  both  junction  and  heater  wire  must  be 
carefully  coAsidered.  The  heater  wire  should  be  of  small  diam- 
eter and  of  a  material  having  a  high  resistance  and  capable  of 
withstanding  considerable  strain  when  heated  to  a  cherry  red. 
Tungsten  wire  0.07  mm.  in  diameter  was  found  to  meet  these 
requirements  and  gave  the  proper  temperature  with  a  current 
of  about  40  milliamperes.  Experiments  indicate  that  cells 
constructed  with  a  heater  wire  of  larger  diameter  do  not  remain 

*" Convection  and  Conduction  of  Heat  in  Gases"  by  Irving  Langmuir, 
Physical  Review,  6-12,  vol  34,  p.  408. 
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constant.  A  heating  filament  of  about  1  cm.  in  length  and 
having  a  resistance  of  approximately  12  ohms  has  given  good 
results. 

The  couple  wires  should  have  as  small  diameter  as  possible 
in  order  to  decrease  the  conduction  of  heat,  reduce  the  lag  to  a 
minimum  and  to  permit  reaching  a  maximum  temperature. 
The  couple  and  heater  wires  are  mounted  on  a  single  glass  stem 
and  after  an  adjustment  of  their  relative  positions  has  been  made, 
this  working  unit  is  placed  in  the  glass  bulb. 

Use  of  Gas  in  Bidb.  If  we  produce  a  high  degree  of  exhaustion 
in  the  bulb  a  low  thermal  e.  m.  f .  must  result.  Conversely,  if 
this  bulb  is  filled  with  gas  under  pressure,  the  junction  will 
develop  a  high  thermal  e.  m.  f .  the  temperature  of  the  filament 
being  the  same  in  both  cases.  In  the  first  case  the  transfer  of 
heat  by  convection  is  practically  eliminated,  leaving  only  the  loss 
of  heat  by  radiation  from  the  small  heater  wire.  This  is  negli- 
gibly small  up  to  a  temperature  of  several  hundred  degrees.  In 
the  second  case,  the  heat  is  transferred  so  rapidly  by  convection 
that  a  high  current  value  is  required  for  the  heater.  Besides 
affecting  the  thermal  e.  m.  f.,  the  amount  of  gas  is  an  important 
factor  in  the  operation  of  the  cell.  Experiments  have  shown  that 
if  the  amount  of  gas  exceeds  a  certain  value  the  cell  becomes  very 
sensitive  to  even  slight  changes  in  position.  The  thermal 
e.  m.  f.  increases  as  the  junction^  approaches  the  point  directly 
above  the  heating  filament. 

Nitrogen  gas  under  a  pressure  of  about  2  cm.  has  given  good 
results.  It  permits  the  operation  of  the  cell  in  any  position  and 
a  transfer  of  heat  sufficient  to  produce  the  required  e.  m.  f . 
In  the  construction  of  the  cell,  the  bulb  is  first  exhausted  to 
about  0.4  microhms.  It  is  then  heated  to  approximately  350 
deg.  cent,  to  eliminate  moisture,  at  which  time  the  gas  is  admitted 
and  the  bulb  sealed  off.  A  second  filament,  heated  to  high 
temperature  for  a  few  minutes  is  used  to  eliminate  the  impurities 
in  the  gas. 

Aging  of  FilatnenL  After  the  bulb  has  been  assembled,  the 
current  is  passed  through  the  filament,  raising  its  temperature 
to  a  point  considerably  beyond  the  final  operating  value.  This 
ages  the  filament  and  increases  the  permanency  of  the  cell. 
(Experiments  were  made  to  determine  if  it  were  possible  to  age 
the  heating  filament  wire  before  placing  in  the  bulb.  This  did 
not  seem  to  produce  the  desired  aging  effect,  even  when  heating 
the  filament  to  a  high  temperature  in  gas.    Possibly  the  wire 
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was  aged,  but  the  handling  necessary  to  assemble  it  in  the  bulb, 
may  have  resulted  in  mechanical  strains  sufficient  to  nullify 
the  aging.)  Tests  are  then  made  to  determine  the  proper  values 
of  R  and  72 1,  also  the  amount  of  positive  temperature  coefficient 
metal  to  be  inserted  in  the  balancing  resistance. 

Connections  Between  Bidb  and  Binding  Posts,  Any  lag  in  the 
temperature  of  the  balancing  coil  with  respect  to  that  of  the 
heater  and  the  couple  wires  is  prevented  by  spiralled  connections, 
as  shown  in  Fig.  4.  By  spiralling  the  connections  from  the  bulb 
to  the  binding  posts  on  the  top  of  the  cell  the  heat  conducting 
path  is  lengthened,  so  that  changes  in  the  surrounding  tempera- 
ture have  a  uniform  effect  on  all  parts  of  the  cell. 

Characteristics 

The  e.  m.  f.  obtainable  from  this  cell  is  not  limited  as  in  other 
types.  The  drop  resistance  may  be  adjusted  so  that  the  poten- 
tial across  it  can  have  any  desired  value,  usually  one  volt.  Any 
combination  of  e.  m.  f.  values  however,  may  be  obtained  by 
taking  taps  from  the  drop  resistance. 

Temperature  Coefficient.  As  previously  shown  the  temperature 
coefficient  may  be  reduced  to  zero. 

Effect  of  Temperature.  The  surrounding  temperature  may 
vary  from  values  below  0  deg.  cent,  to  over  100  deg.  cent,  with- 
out the  slightest  injury  to  the  cell.  This  is  due  to  the  fact  that 
no  liquid  is  used  in  its  construction. 

Effect  of  Short  Circuit  on  Cell.  When  these  cells  are  properly 
constructed  they  cannot  be  damaged  by  short-circuiting  any 
of  the  external  connections. 

Accidental  Increase  of  Filament  Current.  An  excessive  cur- 
rent through  the  filament  may  change  the  standard  value  of 
e.  m.  f.  but  will  not  necessarily  destroy  the  usefulness  of  the 
cell.     This  effect  will  be  considered  under  "Results  of  Tests." 

Position  of  Cell.  The  position  of  the  cell  does  not  affect  the 
value  of  the  standard  e.  m.  f . 

Strength.  The  cells  are  readily  portable  and  will  stand  severe 
shocks  without  injury.  They  can  be  easily  shipped  if  ordinary 
precautions  are  taken  in  packing. 

Accuracy.  Due  to  the  fact  that  a  null  method  is  employed 
in  balancing  the  cell,  the  observation  error  will  be  a  minimum 
one.  The  principle  sources  of  error  are  the  temperature  coeffi- 
cient of  the  cell  and  thermal  e.  m.  f's.  other  than  the  e.  m.  f. 
generated  at  the  junction.     The  error  due  to  thermo  e.  m.  f 's.  in 
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the  galvanometer  circuit  may  be  reduced  to  a  minimum  by  short- 
circuiting  the  galvanometer  circuit  at  the  standard  cell.  The 
galvanometer  will  then  indicate  the  true  zero  which  must  be 
used  in  obtaining  the  balance  of  the  cell.  Furthermore,  any 
error  in  the  thermo-junction  circuit  introduces  but  half  the  per 
cent  error  in  the  potential  measured  across  the  drop  resistance. 
As  previously  stated  this  is  due  to  the  fact  that  the  thermal 
e.  m.  f .  of  the  junction  circuit  is  proportional  to  the  square  of 
the  current  through  the  filament,  whereas  the  potential  across 
the  drop  resistance  is  directly  proportional  to  this  current.  A 
standard  thermo  cell  that  is  properly  constructed  and  operated 
should  remain  constant  to  at  least  5  parts  in  10,000.  It  is 
probable  that  in  view  of  experiments  now  under  way  that  the 
constancy  of  these  cells  will  be  greatly  improved. 

Permanency  Tests.  In  Fig.  5  is  shown  the  results  of  tests  on 
standard  thermo  cells  1  to  8  inclusive.  These  tests  cover  a 
period  of  14  to  23  months  and  are  representative  of  a  consider- 
able number  of  cells.  The  following  table  gives  the  results  of 
these  tests: 


Maximum 

Avg.  variation 

Period 

Cell 

Original 

variation. 

from  orig. 

No.  of 

covered  by 

No. 

e.  m.  f. 

ParUin 

e.  m.  f.  Parts 

tesU 

tests. 

10.000 

in  10.000 

Months 

1 

0.9890 

2.0 

0.0 

27 

23 

2 

1.0199 

5.0 

1.4 

21 

14 

3 

1.1294 

3.0 

1.0 

16 

15 

4 

1.0645 

4.0 

1.1 

20 

16 

5 

1.2004 

4.0 

1.4 

14 

14 

♦6 

1.0376 

3.0 

0.2 

5 

4 

te 

1.0371 

4.0 

0.4 

14 

11 

7 

1.1833 

6.0 

2.1 

14 

12 

*8 

0.9828 

5.0 

2.0 

17 

15 

t8 

0.9791 

4.0 

1.6 

9 

7 

*Before  filament  temperature  was  accidently  increased  to  reddening  point. 
t After  filament  has  been  brought  up  to  reddening  point. 

Results  of  Tests,  The  curves  for  cells  6  and  8  indicate  the 
effect  of  increasing  the  filament  temperature  above  the  reddening 
point.  As  previously  stated,  this  produces  a  permanent  increase 
in  the  filament  resistance.  It  follows  that  when  the  filament 
resistance  is  increased,  the  heater  current  must  be  decreased  to 
obtain  the  uq^  Ip^l^nqng  point  C.     See  Fig.  3.     This  decrease 
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in  current  of  course  results  in  a  smaller  potential  across  the  drop 
resistance.  It  is  interesting  to  note,  that  after  the  heating  fila- 
ment resistance  has  changed,  the  cell  continues  to  ftmction 
properly  except  that  a  lower  value  of  e.  m.  f .  is  obtained,  assum- 
ing of  course,  that  the  drop  resistance  is  not  changed.  In  the 
event  of  an  accident  of  this  nature  the  standard  e.  m.  f.  may  be 
restored  to  its  original  value  by  adjusting  the  drop  resistance. 

Conclusion 
In  conclusion,  it  is  believed  that  the  characteristics  of  the 
standard  thermo  cell  justify  its  use  in  many  meastu-ements  in 
which  standard  cells  are  now  required.     This  cell  has  been  suc- 
cessfully used  with  potentiometers  designed  for  thermocouple 


T-..-        .^,.            ^— L -*- 

uj4 » -H 

fes Z  —  ± 

Uif.                                                          1 

S                      ^_                !_       ^ 

Zf                                                                  ^  ^es 

7 — -- — --^r^ 

8-:-:-:::;::===±-    — 

-    ::  t:    :  : 

:- 1  Part  in  1000                               \ 

III        II                                 !--■ 

0       2      4      6       8      10     12     14     16     18     20    22 
TIME  IN  MONTHS 

Fig.  5 — Curves  Showing  Constancy  of  Typical  Standard  Thbrho 

Cells 

^Filament  current  accidentally  overheated  at  this  point 

work.  During  the  past  year  several  of  these  potentiometers 
have  been  in  constant  use,  and  were  operated  by  unskilled  labor. 
During  this  period  no  trouble  has  been  experienced  that  could 
be  charged  to  the  standard  cell.  Several  cells  have  been  burned 
out  through  the  carelessness  of  the  operator.  In  every  case  of  a 
damaged  cell  it  has  been  found  that  either  the  galvanometer  or 
the  slide  wire  or  both  were  destroyed. 

Very  little  experimental  work  has  been  done  during  the  past 
year  due  to  conditions  imposed  by  the  war.  There  is  still  con- 
siderable work  to.be  done  on  the  cell  some  of  which  is  now  under 
way. 
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Discussion  on  **A  New  Standard  for  Current  and  Poten- 
tial" (Allcutt)  and  'The  Thermoelectric  Standard 
Cell"  (Hoxie).     New  York,  February,  15,  1918. 

Clayton  H.  Sharp:  These  papers  indicate  the  efforts  which 
have  been  made  to  satisfy  a  need  in  the  field  of  potentiometry. 
One  reason  why  the  need  has  become  acute  is  indicated  by  Mr. 
Allcutt  in  the  beginning  of  his  paper  where  he  says  that  the 
standard  cells  are  hard  to  get,  and  he  also  asks — "Why  should 
we  use  a  standard  cell  which  is  capable  of  very  high  precision 
in  work  which  does  not  require  such  very  high  precision,  and  is 
not  capable  of  such  high  precision?" 

I  think  one  answer  to  that  is  that  it  is  not  necessary  that  the 
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Fig  1. — Simple  Form  of  Weston  Cell 

cell  which  is  used  should  be  of  such  high  precision  in  order  to 
have  a  standard  which  is  suitable  for  that  kind  of  work. 

Now,  to  make  a  Weston  standard  cell,  as  a  primary  standard 
of  electromotive  force,  requires  a  very  great  degree  of  care  and 
many  precautions  in  the  preparation  of  the  chemicals,  the 
assembling  of  the  cells,  and  in  their  aging  and  treatment  there- 
after. That  is  for  the  purpose  of  making  a  precision  standard. 
But  if  you  take  the  materials  that  go  into  a  Weston  standard  cell, 
that  is,  purified  cadmium  sulphate,  purified  mercurous  sulphate, 
and  distilled  mercury,  more  or  less  as  they  are,  and  assemble 
them  in  a  cell,  you  get  something  which  is  not  a  primary  stand- 
ard, but  which  gives  an  electromotive  force  very  close  to  the 
electromotive  force  of  the  primary  standard,  which  is  reasonably 
constant,  which  has  the  low  temperature  coefiicient  of  the 
Weston  standard  cell,  and  which  will  serve  very  well  indeed  for 
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this  grade  of  potentiometry,  and  is  not  subject  to  the  objection 
of  being  very  expensive  or  very  delicate. 

Such  cells  we  have  been  using  for  some  time  in  certain  classes 
of  our  work.  They  are  constructed  as  shown  in  the  Fig.  1.  The 
amalgam  of  mercury  and  cadmitma  is  at  the  botton  of  the  tube, 
which  may  be  a  vial  or  something  of  that  kind.  There  is  no 
glass  blowing  about  it,  except  to  seal  the  platiniun  wires  in  the 
ends  of  the  glass  tubes.  On  top  of  the  amalgam  is  a  layer  of 
crystals  of  cadmiiun  sulphate,  and  on  that  some  glass  wool  and 
on  top  of  that,  the  paste  of  mercurous  sulphate  rubbed  up  with 
metallic  mercury  and  cadmium  sulphate  crystals  wetted  with  a 
saturated  solution  of  cadmitmi  stdphate.  The  end  of  the  plati- 
num wire  which  goes  through  to  msike  the  positive  terminal  is 
left  rather  long,  and  is  rolled  out  or  hammered  out  thin,  and 
then  the  platinum  is  amalgamated.     That  constitutes  what  is 


a  c 


A.  c. 


Fig.  2 

ordinarily  the  mercury  electrode  of  the  cell,  and  is  simply  coiled 
up  in  the  paste.  More  glass  W09I  is  put  in  and  the  entire  con- 
tents are  wetted  with  saturated  solution  of  cadmium  sulphate 
and  sealed  in  with  sealing  wax  on  a  cork.  That  ceU  is  not  a 
primary  standard,  but  it  is  pretty  good  for  low  accuracy  poten- 
tiometer work,  and  does  not  cost  much.  Anybody  can  make  it. 
That  is  another  way  out  of  this  difficulty,  not  so  neat  and  ingenious 
as  those  which  have  been  described,  but  still  worth  knowing  about. 
I  was  very  much  interested  in  Mr.  AUcutt's  application  of 
what  might  be  called  the  bolometer  principle  to  produce  a 
standard  e.m.f .  A  good  many  years  ago  they  used  to  use  a  simi- 
lar arrangement  imder  the  name  of  the  Howell  bridge,  a  bridge 
which  consisted  of  three  arms  of  zero  temperature  coefficient 
wire,  and  the  fourth  arm  made  of  an  untreated  carbon  filament 
lamp.     The  untreated  carbon  filament  having  a  large  negative 
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temperature  coefficient,  the  bridge  would  be  in  balance  at  one 
value  of  the  current  or  voltage  upon  it,  and  an  indicator  of  that 
kind  was  in  considerable  use  in  the  early  days  of  the  industry. 
More  recently,  with  the  advent  of  tungsten  lamps,  that  idea  has 
been  applied  in  photometry.  The  current  in  the  photometer 
lamp  is  maintained  at  proper  value  by  taking  advantage  of  the 
positive  coeflScient  of  the  timgsten  filament,  making  the  lamp 
one  arm  of  a  bridge.  The  balance  can  be  indicated  by  a  galvano- 
meter or  a  telephone  receiver. 

This  is  something  we  have  tried  also; — ^tomake  an  a-c.-d-c. 
arrangement  on  this  principle.  We  have  made  a  bridge 
of  seasoned  timgsten  lamps  as  shown  in  Fig.  2.  Each  of  these 
arms  is  composed  of  a  single  lamp  L,  while  the  fourth  arm 
is  itself  an  auxiliary  Wheatstone  bridge  made  up  of  the  four 
lamps  U.  Direct  current  passes  through  the  main  bridge, 
while  the  alternating  current  is  introduced  at  the  two  equi- 
potential  points  on  the  auxiliary  bridge.  Variations  in  the  a-c. 
voltage  are  reflected  with  very  great  sensitiveness  in  the  d-c. 
measuring  instrument.  The  difficulty  with  the  arrangement  is 
to  get  a  selection  of  lamps  sufficiently  constant  and  so  balanced 
that  the  bridge  is  insensitive  to  changes  in  room  temperature, 
and  insensitive  to  changes  in  the  direct  cturent  which  is  passing 
through  it.  However,  it  may  have  its  application  in  certain 
cases.  The  sensitiveness  of  these  bridge  arrangements  is  really 
very  remarkable,  and  I  think  it  is  not  likely  to  be  appreciated 
tmtil  one  does  a  little  experimental  work  with  them. 

F.  C.  Stockwell:  Mr.  AUcutt  proposes  a  substitute  for  the 
standard  cell,  referring  presumably  to  the  Weston  (cadmium) 
Secondary  Cell.  The  occasion  for  using  a  substitute  arises  from 
a  serious  shortage  of  standard  cells,  and  their  relatively  high 
cost.  The  device  described  is  an  ingenious  solution  of  the  prob- 
lem. It  has,  however,  the  inherent  characteristic  of  substitutes 
in  that  it  is  inferior  to  the  original  in  certain  important  particu- 
lars, viz.,  simplicity,  convenience,  accuracy  and  permanence. 
"Avoid  substitutes*'  is  a  good  slogan  because  it  is  good  sense. 
If  standard  cells  are  difficult  to  obtain  from  the  manufacturer, 
they  are  not  difficult  to  set  up  and  they  are  not  expensive. 

I  had  occasion  in  the  latter  part  of  1914  to  set  up  some  cad- 
mium cells  at  Stevens  Institute  of  Technology  for  the  use  of 
senior  students  to  take  the  place  of  the  commercial  form  of 
secondary  standard.  Four  cells  were  constructed  of  the  ordinary 
**H"  form.  Chemicals  of  the  highest  grade  (C.  P.)  were  used. 
The  specifications  followed  were  those  of  the  Bureau  of  Stand- 
ards, but  no  attempt  was  made  to  carry  out  the  refinements 
there  described  for  the  preparation  of  the  different  ingredients. 
It  should  be  borne  in  mind  that  when  the  greatest  care  is  exer- 
cised these  cells  are  reproducible  to  within  2  or  3  parts  in  100,000. 
As  a  practical  matter  chemicals  can  be  used  in  the  form  pur- 
chased, and  with  ordinary  care  the  cells  are  readily  set  up  in  a 
short  time.  This  is  not  a  difficult  operation;  the  simplest 
apparatus  only  is  required.     One  of  the  cells  was  made  from  a 
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solution,  amalgam,  and  paste  that  had  not  been  freshly  prepared. 
Notwithstanding  this  wholly  imsdentific  procedtire,  this  cell 
after  a  few  weeks  seasoning  has  been  indistinguishable  from  the 
others  in  its  characteristics.  The  cost  of  the  cells  for  chemicals 
and  glassware  was  about  two  dollars  each.  The  materials  are 
readily  obtainable  now  at  about  50  per  cent  increase  in  price. 

These  home-made  cells  have  been  used  for  three  years  for  a 
period  of  6  to  8  weeks  each  year,  and  they  have  occasionally  been 
subjected  to  severe  abuse  at  the  hands  of  students,  such  as 
reversal  of  polarity,  and  use  as  a  current  supply  for  Wheatstone 
bridge  measurements.  The  cadmium  cell  has,  however,  remark- 
able recuperative  qualities,  after  a  short  period  recovering 
its  original  e.m.f.  It  may  fairly  be  assumed,  I  believe,  that 
these  cells  have  operated  under  conditions  which  are  more 
severe  than  would  he  ordinarily  encountered  in  technical  work. 

These  cells  have  been  calibrated  at  the  beginning  of  each 
college  year  to  determine  their  fitness  for  further  use.     The 
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results  are  shown  in  the  accompanying  plot,  Fig.  3.  It  will  be 
noted  that  their  e.m.f 's  are  now  about  1/10  per  cent  lower  than 
when  the  cells  were  prepared. 

The  experience  with  the  cells  which  I  have  described  raises 
the  question  whether  there  is  a  real  need  for  a  substitute  for  the 
cell  as  a  secondary  standard  of  e.m.f.  An  authoritative  opinion 
could  hardly  be  based  on  tests  upon  so  small  a  nimiber  of  cells. 
I  believe  that  it  wotdd  be  very  desirable  to  have  recorded  the 
experience  of  others  who  have  prepared  secondary  standards  in 
order  that  this  question  may  be  satisfactorily  answered. 

W.  B.  Kouwenhoven:  I  think  that  these  two  new  devices 
will  find  a  considerable  field  of  usefulness  in  the  university  and 
technical  school,  and  also  in  certain  branches  of  the  profession 
where  it  is  not  desirable  to  use  a  small  portable  standard  cell  of 
the  Weston  type. 

I  should  like  to  ask  Mr.  AUcutt  what  is  the  effect  of  overloading 
his  cells,  that  is,  suppose  the  cell  is  heated  to  incandescence  by 
some  accidental  short  circuit?  In  Mr.  AUcutt's  aging  curves, 
in  connection  with  Fig.  4,  he  makes  the  statement:  "Curve  A 
shows  the  ctirrent  resistance  characteristics  of  a  new  bulb. 
Curve  B  is  plotted  from  data  taken  twenty-four  hours  latere 
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while  Curve  C  was  taken  after  twenty-four  hours'  seasoning. 
Further  tests  at  a  later  date  followed  Curve  C  with  great  exacti- 
tude." Has  he  any  data  showing  the  eflfect  of  overloading  on 
the  characteristics  of  the  cells  ? 

P.  G.  Agnew:  There  is  one  rather  important  advantage  in 
both  of  these  types  of  cells  which  I  think  neither  author  has 
mentioned,  and  that  is,  a  very  low  resistance  cell  can  be  readily 
constructed.  In  fact,  the  values  given  by  both  authors  are 
lowei  than  that  of  the  unsaturated,  and  decidedly*  lower  than 
the  saturated  Weston  cell.  That  is  a  point  which  is  of  import- 
ance in  the  question  of  the  deflection  potentiometer,  in  which 
it  is  desirable  to  use  a  pivoted  rather  than  a  suspended  gal- 
vanometer. 

C.  T.  Allcutt:  Dr.  Sharp  has  brought  out  the  fact,  which 
possibly  is  not  as  well  known  as  it  should  be,  that  standard  cells 
can  be  made  of  a  degree  of  precision  suitable  to  the  service  in 
which  they  are  to  be  used.  Mr.  StockweU  made  a  similar 
remark. 

In  connection  with  the  question  of  convenience  brought  out 
by  Mr.  StockweU,  if  we  consider  this  current  balancing  bridge  as 
a  unit  with  the  portable  potentiometer,  we  see  that  the  necessary 
operations  in  balancing  the  potentiometer  are  the  same  as  when 
balancing  against  the  standard  cell,  that  is,  the  galvanometer  is 
thrown  across  the  bridge,  which  is  permanently  connected  in 
series  with  the  potentiometer  bar,  and  a  balance  is  obtained 
which  sets  the  current  in  the  potentiometer  bar  at  the  desired 
voltage,  and  then  the  galvanometer  is  thrown  off  into  the  circuit 
in  series  with  the  unknown  e.m.f.,  and  the  measurement  is 
obtained. 

In  considering  the  relative  cost  or  difficulty  involved  in  obtain- 
ing a  bridge  of  this  type  and  a  standard  cell,  we  must  consider, 
in  addition  to  the  ordinary  type  of  standard  cell,  the  chemical 
type;  it  is  necessary  in  the  potentiometer  to  provide  the  resis- 
tance through  whidi  the  drop  in  voltage  is  obtained,  that  is 
compared  to  the  e.m.f.  of  the  standard  cell,  and  that  must  be 
charged  up  to  the  standard  cell  in  its  connection  with  the  port- 
able potentiometer. 

For  example,  if  we  consider  a  potentiometer  unit,  we  will  find 
that  they  comprise  a  solid  wire  and  a  current  balancing  bridge. 
That  is,  the  resistance  would  be  manufactured  approximately 
equal.  The  bulbs  can  be  made  with  a  characteristic  within  ten 
per  cent.  Having  given  these  two  resistances,  which  are  com- 
paratively simple,  and  may  be  of  wire,  if  necessary,  we  have 
then  this  one  resistance  which  is  necessary  to  adjust  in  order  to 
fit  the  whole  potentiometer  for  service.  In  case  a  standard  cell 
is  used,  we  have  a  potentiometer  wire  and  another  resistance, 
and  provision  for  connecting  the  standard  cell  across  that  resist- 
aace.  The  current  is  varied  until  the  drop  through  this  resist- 
aace  is  equal  to  the  e.m.f  of  the  standard  cell. 

In  the  manufacture  c^  the  potentiometer,  this  resistance  must 
be  carefully  adjusted  to  give  the  proper  current  to  balance 
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against  the  standard  cell.     So  we  consider,  then,  the  standard 
cell  with  this  resistance  in  comparison  with  the  bridge  in  the  unit. 

That  cuts  down  somewhat  the  relative  diifficulties  involved  in 
the  two,  that  is,  the  bulb  itself  becomes  the  equivalent  of  the 
bridge  in  this  case. 

Mr.  Kouwenhoven  has  asked  two  questions;  first,  concerning 
the  effect  of  overload.  That  is,  perhaps,  best  answered  with 
reference  to^Table  II  which  is  a  record  of  a  test  on  one  of  the 
bulbs.  It  IS  carried  up,  as  you  will  notice,  to  currents  of  8 
milliamperes,  at  which  current  the  filament  was  bright  red  hot, 
almost  as  bright  as  the  ordinary  carbon  filament  lamp,  and  the 
reproduction  of  these  curves,  through  a  considerable  period  of 
time,  showed  that  for  short  intervals,  at  least,  during  the  time 
taken  in  running  the  test,  the  filament  could  be  heated  to  a 
bright  red  heat,  without  causing  any  change  in  its  characteristics. 

The  record  of  the  test  given  in  Table  II  is  not  of  the  same 
bulb  of  which  I  showed  the  seasoning  curves  Mr.  Kouwenhoven 
refers  to  in  Fig.  4.  I  show  some  further  tests  in  Fig.  6,  with 
great  exactitude.  I  have  not  the  data  of  this  particular  bulb. 
After  these  other  curves  were  taken  it  was  burned  out  shortly 
afterward,  so  that  the  test  did  not  cover  the  full  period  of  time 
covered  with  certain  of  the  other  bulbs,  but  if  you  read  these 
data  given  in  Table  II,  they  are  to  the  same  effect,  showing  the 
degree  of  precision  with  which  the  bulb  will  follow  the  cxirve 
after  seasoning. 

C.  A.  Hozie:  Mr.  Kouwenhoven  asked  about  the  cold  end. 
Both  the  cold  ends  are  within  the  bulb.  The  copper  wire  is  very 
short.  It  extends  from  the  center  of  the  bulb,  and  about  one- 
quarter  inch  away —  a  half  millimeter  or  a  little  over  in  each 
side  is  the  cold  end — and  it  is  all  contained  within  the  bulb,  so 
it  is  pretty  definite  at  all  times. 

A.  C.  Campbell:  (communicated  after  adjournment) :  Some 
years  ago  I  described  (Proc.  Inst.  Elec'l  Engineers  p.  p.  10-11, 
Vol.  30,  1901)  an  arrangement  for  measuring  current  which  is 
identical  in  principle  with  the  main  part  of  Mr.  Hoxie's  device. 
Instead,  however,  of  obtaining  a  balance  for  only  one  defiinite 
current,  in  my  apparatus  a  potential  contact  connected  to  the 
galvanometer  could  slide  along  the  resistance  R  and  thus  a 
considerable  range  of  current  could  be  measured.  The  practical 
results  which  Mr.  Hoxie  has  obtained  with  his  cell  are  most 
interesting. 

Mr.  Allcutt  does  not  seem  to  know  that  thermal  standards 
such  as  he  has  been  working  with  have  been  known  for  many 
years  past.  I  described  the  construction  and  use  of  such  stand- 
ards in  a  paper  read  before  the  Institution  of  Electrical  Engi- 
neers (London)  (Proc.  I.  E.  E.  p.  12,  Vol.  30, 1901),  and  in  the 
discussion  Professor  Callendar  mentioned  that  some  years 
earlier  he  had  used  similar  standards  and  foxmd  that  a  good 
degree  of  accuracy  was  obtainable.  It  is  interesting  to  know  that 
the  thermal  methods  are  coming  to  the  front  once  more. 
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THE  CHARACTER  OF  THE  THERMAL  STORAGE 
DEMAND  METER 


BY   p.    M.    LINCOLN 

Abstract  op  Paper 
Following  a  detailed  description  of  the  principle  and  con- 
struction of  the  thermal  storage  demand  meter  the  author  shows 
wherein  it  always  indicates  what  may  be  called  "logarithmic 
average"  rather  than  "arithmetic  average"  of  power  consump- 
tion, heretofore  indicated  by  practically  all  demand  meters. 
The  inherent  faults  of  the  "arithmetic  average"  or  "block  inter- 
val" meter  are  described  and  examples  given  demonstrating  that 
the  thermal  storage  meter  alone  recognizes  the  true  heating 
effect  that  fixes  size  of  equipment  and  therefore  cost  that  should 
be  assessed  against  the  customer. 


THE  ADVENT  of  the  thermal  storage  wattmeter  naturally 
raises  a  question  concerning  the  character  of  the  quantity 
that  is  measured  by  that  device.  The  object  of  the  following 
pages  is  to  discuss  this  question  and  particularly  to  analyze  the 
"logarithmic  average" — the  quantity  measured  by  any  thermal 
storage  meter — and  compare  this  quantity  with  the  arithmetical 
average  which  is  the  quantity  measured  by  practically  all 
previously  existing  types  of  demand  wattmeters. 

Let  us  first  consider  the  fundamental  reasons  for  measuring 
maximvun  demand.  Briefly  stated,  the  incorporation  of  maxi- 
mum demand  in  a  rate  for  electric  service  is  an  attempt  to  assess 
upon  the  user  of  that  service  his  proper  share  of  the  annual  cost 
of  the  equipment  necessary  for  giving  the  service.  Let  us 
assume  a  concrete  case  as  an  example.  Assume,  for  instance, 
that  the  consumption  of  a  given  customer  is  1000  kw-hr.  per 
year.  If  this  load  is  taken  at  a  perfectly  steady  rate  throughout 
the  entire  year  it  means  a  steady  consvunpftion  of  114  watts 
continuously.  The  amotmt  of  equipment  to  supply  the  load 
as  thus  taken  is  fixed  by  this  continuous  load  of  114  watts. 
But  now  let  us  assume  that  our  customer  insists  on  taking  his 
entire  year's  supply  in  a  single  day.  Instead  of  equipment  to 
supply  114  watts,  we  must  now  provide  equipment  to  supply  41.7 
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kilowatts;  that  is,  the  equipment  must  be  365  times  as  large  as 
before.  Let  us  go  further  and  assume  that  our  customer  insists 
on  having  his  entire  year's  supply  in  thirty  minutes;  this  would 
mean  an  equipment  able  to  deliver  2000  kw.  for  one-half  hour. 
Obviously,  the  cost  of  the  equipment  for  this  condition  would  be 
enormously  greater  than  that  for  the  supply  of  114  watts  con- 
tinuously, and  it  is  only  just  that  the  customer  that  takes  his 
entire  year's  supply  in  a  day  or  an  hour  should  pay  more  for 
his  service  than  the  one  who  distributes  his  demands  more 


Fig.  1 

evenly.  Our  illustration  is,  of  course,  exaggerated,  bat  the 
exaggeration  is  one  of  degree  and  not  one  of  kind.  It  is  the 
object  of  the  demand  rate  to  recognize  automatically  this  varia- 
tion in  the  equipment  necessary  with  variation  in  load  factor 
and  to  assess  this  equipment  cost  against  the  customer.  Also, 
it  is  the  "maximtim  demand"  and  not  the  kilowatt  hours  of 
consumption  that  determines  the  amount  of  eqmpment  that 
must  be  installed  to  carry  a  given  customer's  load.  It  is  to 
determine  this  ''maximtmi  demand"  that  demand  meters  are 
used. 
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It  may  be  well  at  this  point  to  give  a  brief  description  of  the 
thermal  storage  wattmeter  as  now  being  built.* 

Referring  to  Fig.  1,  i4  is  a  circuit  feeding  a  load  B,  C  is  a 
small  transformer  incorporated  within  the  meter  with  its  primary 
across  the  circuit  A,  In  series  with  the  secondary  of  this  trans- 
former are  two  equal  resistances  jRi  and  jRj.  A  current  is,  of 
course,  set  up  on  these  resistances  that  is  proportional  to  the 
voltage  of  the  circuit  A,  The  load  current  is  also  caused  to 
circulate  through  these  same  resistances  in  the  manner  shown 
in  Fig.  1,  being  taken  into  the  middle  of  the  secondary  of  the 
small  transformer  and  being  taken  out  at  the  connection  between 
resistances  jRi  andjRj.  These  two  currents — one  the  secondary 
current,  due  to  the  presence  of  the  voltage  and  the  other  due  to 
the  passage  of  the  load  current — are  additive  in  one  of  these 
resistances  and  subtractive  in  the  other,  and  the  diflEerence  in 
the  heating  effect  of  the  two  resultant  currents  is  proportional 
to  the  watts  of  the  load  B. 

If  we  represent  the  current  that  passes  through  the  resistance 
R  1  and  R  s  due  to  the  presence  of  the  voltage  by  £,  and  the 
load  current  therein  by  /,  the  resultant  current  in  one  of  these 
resistances  is  £  +  /,  and  in  the  other  £  —  /.  The  losses  are 
of  course,  proportional  to  the  squares  of  these  currents  and  the 
differences  in  these  losses  is  proportional  to  the  product  £  /. 
This  holds-  true,  independent  of  power  factor  and  wave  form, 
as  shown  in  the  paper  above  referred  to. 

F  and  G  represent  two  spiral  springs  made  from  bimetallic 
strip,  attached  rigidly  to  their  casings  at  the  outer  ends  and  to 
a  common  shaft  H  at  their  inner  ends.  These  bimetallic  springs 
tend  to  coil  up  on  an  increase  in  temperature  (due  to  the  dif- 
ference in  temperature  coeflScient  of  the  two  metals  of  which 
they  are  composed),  but,  since  the  two  springs  are  wound  in 
opposite  directions,  no  movement  of  the  shaft  H  will  take  place 
unless  there  is  a  difference  in  temperature  between  F  and  G, 
The  shaft  JET,  therefore,  will  not  turn  with  changes  in  atmospheric 
temperature  or  with  any  other  condition  that  causes  both  springs 
to  maintain  the  same  temperature,  but  will  respond  only  to  the 
difference  in  temperature  caused  by  the  difference  in  the  losses 
in    resistances   jRi    and    jRj.      S\  and  St   represent  diagram- 

♦The  complete  theory  of  the  thermal  storage  wattmeter  is  given  in 
the  author's  paper  read  before  the  American  Institute  of  Electrical 
Engineers,  Oct.  8,  1916,  entitled  "Rates  and  Rate  Making".  (Trans- 
ACTIOKS  A.  I.  B.  B.  Vol,  34,  pages  2176  to  2214,) 
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matically  the  thennal  storage  of  the  cases  in  which  the  bimetallic 
springs  F  and  G  are  enclosed.  Due  to  this  thennal  storage, 
the  wattmeter  does  not  respond  instantly  to  a  change  in  load 
but  always  indicates  the  logarithmic  average  load  over  the  time 
period  immediately  preceding  the  instant  of  observation,  the 
length  of  this  time  period  being  determined  in  part  by  the  amount 
of  thermal  storage  in  the  cases,  shown  diagrammatically  at 
Si  and  Si.  if  is  a  pointer  attached  to  shaft  H  and  traveling 
over  the  scale  L.  JIf  is  a  loose  pointer  which  shows  the  highest 
excursion  of  pointer  K  since  last  reset. 

Fig.  2  is  made  from  a  photograph  of  a  graphic  meter  of  the 
thermal  storage  type  with  the  cover  removed,  showing  the  work- 
ing parts.  The  two  cylindrical  cases  each  containing  a  coiled 
bimetallic  spring  may  be  observed  at  the  top  of  the  instrument. 
The  thermal  storage  capacity  of  these  cases  is  so  designed  that 
it  requires  thirty  minutes  for  them  to  acquire  90  per  cent  of  their 
final  temperature  on  a  steady  application  of  load.  The  working 
parts  of  the  indicating  meter  is  a  duplicate  of  that  shown  in 
Pig.  2,  except  for  the  omission  of  clock,  paper  rolls,  etc. 

A  thermal  storage  meter  thus  constructed  always  indicates 
what  may  logically  be  called  the  "logarithmic  average"  of  the 
power  consumption  during  the  particular  time  period  immedi- 
ately preceding  the  instant  of  observation.  Quoting  the  lan- 
guage of  the  paper  above  referred  to  on  this  point,  the  indications 
of  a  thermal  storage  wattmeter  "will  not  be  due  to  the  watts 
passing  at  that  instant,  as  is  the  case  with  the  indications  of  an 
indicating  wattmeter  of  the  usual  type,  but  will  be  the  resultant 
of  all  the  wattage  flow  that  has  passed,  each  instant  of  past 
flow  having  a  value  influenced  in  respect  to  its  time  proximity 
by  a  logarithmic  law.  This  resultant  is  not  an  average  in  the 
commonly  accepted  sense  of  that  word.  When  we  use  the  word 
average  in  its  commonly  accepted  sense,  we  assume  that  each 
instant  of  time  over  which  the  average  is  taken  has  equal  weight. 
In  the  resultant  that  is  obtained  by  a  heat  storage  meter,  each 
instant  of  time  has  not  an  equal  weight,  but  the  influence  of 
each  instant  decreases  with  its  remoteness  in  point  of  time,  and 
the  degree  by  which  the  watts  during  any  instant  influences  the 
total  indication  is  proportional  to  tf"^',  where  e  is  the  base  of 
Napierian  logarithms,  K  is  an  adjustable  constant,  and  /  is  the 
time  measured  backward  from  the  instant  of  observation.  For 
want  of  another  name,  let  us  call  the  restdtant  thus  obtained 
by  means  of  thermal  storage  the  'logarithmic  average.'  "     The 
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foregoing  quotation  indicates  the  nature  of  the  quantity  that 
is  measured  by  the  thermal  storage  demand  meter.  In  a  sub- 
sequent paragraph  of  this  paper,  a  further  quotation  will  be 
made  from  my  previous  paper  showing  how  the  "logarithmic 
average"  of  a  given  load  may  be  calculated. 

Heretofore,  practically  all  demand  meters  have  indicated  in 
terms  of  the  arithmetical  average.  This  has  followed  from  the 
fact  that  the  basis  of  practically  all  previous  demand  meters 
has  consisted  of  a  standard  watthour  meter  coupled  with  some 
timing  device  by  means  of  which  the  integrated  value  of  the 
load  tmder  measurement  is  obtained  over  a  series  of  short  time 
intervals.  A  further  mechanism  is  provided  so  as  to  record  the 
highest  one  of  these  successive  blocks  of  energy.  This  type  of 
meter  is  ki^own  as  the  "block  interval"  meter. 


Fig.  3 

One  of  its  inherent  faults  is  that  it  may  split  an  isolated  peak 
of  load  and  therefore  become  indefinite  in  its  indications.  Refer- 
ence to  Fig.  3  will  show  the  reason  for  this.  Suppose  we  have 
an  isolated  block  of  load  that  comes  on  at  say  10:40  a.m.  and 
lasts  tintil  11:20  a.m. — such  a  load  for  instance  as  would  be 
involved  in  the  pumping  out  of  a  small  drydock.  Suppose, 
further  that  we  are  using  a  "block  interval"  meter  with  a  thirty 
minute  time  period  to  measure  the  maximum  demand  of  this 
load.  If  the  time  intervals  of  this  meter  happened  to  begin 
and  end  on  the  even  half  hours — that  is,  if  it  integrated  the 
load  first  from  10:30  to  11:00  and  then  from  11:00  to  11:30— it 
is  evident  that  the  maximum  quantity  indicated  during  any  one 
period  would  be  much  less  than  if  the  meter  periods  began  and 
ended  on  the  even  quarter  hours.     It  is  also  evident  by  inspec- 
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tion  that  this  indefiiiiteness  of  indication  begins  when  the  dura- 
tion of  the  block  of  load  is  less  than  60  minutes  and  that  when 
its  duration  is  less  than  30  minutes,  this  "coeflBicient  of  indef- 
initeness" — ^if  we  may  coin  that  term — ^becomes  60  per  cent; 
that  is,  a  load  peak  of  less  than  thirty  minutes  duration  may  be 
entirely  integrated  within  a  single  meter  period  or  it  may  be 
divided  equally  between  two  adjacent  periods  depending  upon 
the  instant  of  time  when  these  meter*  periods  begin  and  end. 
There  have  been  various  suggestions  of  methods  to  overcome 
this  fatdt  but  so  far  none  of  these  suggestions  has  borne  fruit. 
A  second  and  more  serious  fault  of  the  "block  interval" 
meter  is  that  for  isolated  blocks  of  load  it  does  not  measure  the 
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true  value  of  its  heating  effect  on  the  equipment  that  serves 
the  load  and  therefore  does  not  measure  the  true  value  of  the  duty 
on  that  equipment.  This  matter  is  further  treated  in  subse- 
quent paragraphs.  There  has  been  no  suggestion  of  any  method 
by  which  the  ''block  interval"  meter  may  overcome  this  fault 
and  there  seems  to  be  no  possibility  of  such  a  suggestion. 

So  long  as  the  loads  are  steady  over  long  periods  of  time,  the 
arithmetical  (block  interval)  and  the  logarithmic  (thermal 
storage)  averages  are  exactly  the  same.  It  is  only  when  the 
duration  in  time  of  a  block  of  load  begins  to  come  down  to  the 
time  period  of  the  meter  that  there  is  an  appreciable  difference 
between  the  two  types.  To  asstime  a  concrete  case  again, 
suppose  that  service  is  being  sold  on  the  basis  of  the  maximum 
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demand  over  a  30-minute  period.  So  long  as  the  duration  of 
an  isolated  block  of  load  exceeds  one  hour  (twice  the  meter 
period)  the  "block  interval"  and  thermal  storage  meters  will 
give  the  same  results  for  all  practical  purposes.  Theoretically, 
for  periods  of  load  duration  greater  than  twice  the  meter  period 
(sixty  minutes  in  our  concrete  case)  the  difference  between  the 
two  types  is  less  than  one  per  cent.  For  load  duration  less  than 
60  minutes,  the  comparison  between  the  two  types  of  meter  is 
shown  in  Fig.  4. 

The  cross  hatched  area  in  Fig.  4  indicates  what  may  be  called 
the  "area  of  indefiniteness"  of  a  "block  interval"  meter  of  30- 
minutes  time  period;  for  isolated  blocks  of  load  of  less  than 
60  minutes  duration,  the  indications  of  the  "block  interval" 
meter  may  fall  anywhere  within  this  area.  On  the  other  hand, 
the  thermal  storage  meter  is  perfectly  definite  in  its  indication. 
Each  time  a  given  load  of  given  time  duration  is  applied  to 
this  type  of  meter,  it  gives  the  same  indication. 

However,  this  indication  differs  from  that  of  the  "block 
interval"  meter  and  the  comparison  between  the  two  types  is 
given  in  curve  A  A  A  in  Fig.  4.  For  a  60-minute  block  of  load, 
.  there  is  a  difference  between  the  two  types  of  only  one  per  cent. 
As  the  block  continues  to  decrease  in  time  of  duration,  the 
thermal  storage  meter  continues  to  decrease  in  indication  com- 
pared to  the  "block  interval"  meter  (asstmiing  that  the  "block 
interval"  meter  is  reading  its  maximum)  until  with  a  30-minute 
block  of  load  it  reaches  90  per  cent.  As  the  time  of  load  dura- 
tion continues  to  decrease  below  30  minutes,  the  indications  of 
the  thermal  storage  meter  increase  tmtil  with  very  short  appli- 
cations of  load  it  indicates  about  163  per  cent  of  the  maximum 
of  the  "block  interval"  meter  and  326  per  cent  of  its  minimum. 

There  will  be  some  one  who  will  at  first  be  constrained  to  com- 
ment adversely  on  the  fact  that  the  thermal  storage  meter  reads 
higher  than  the  "block  interval"  meter  for  all  load  durations 
less  than  about  26  minutes,  and  that  when  the  load  durations  are 
very  short,  this  discrepancy  is  so  large.  The  action  of  the  ther- 
mal storage  meter  in  this  respect  is,  however,  entirely  defensible. 
Referring,  for  instance,  to  the  same  concrete  example  we  used 
above,  suppose  oxir  customer  with  a  yearly  consimiption  of  1000 
kw-hr.  insists  on  taking  his  entire  year's  supply  in  one  minute. 
He  would  obviously  use  energy  during  this  one  minute  at  the 
rate  of  60,000  kw.  Electrical  equipment  can,  of  course,  be 
grossdy  overloaded  for  so  short  a  time  as  one  minute,  but  even 


Digitized  by  VjOOQIC 


196 


LINCOLN:    THERMAL  STORAGE   METER       [Feb.  15 


with  the  greatest  overload  imaginable,  the  amount  of  equipment 
to  carry  60,000  kw.  for  one  minute  is  more  than  that  to  carry 
2000  kw.  for  30  minutes.  The  ''block  interval'*  meter  would 
recognize  no  difference  whatever  between  these  two  conditions, 
since  the  arithmetical  average  of  the  two  loads  when  taken  over 
a  30-minute  period  is  exactly  the  same.  The  thermal  storage 
meter,  however,  discriminates  automatically  against  the  short- 
time  high-peak  load  and  gives  a  result  which  in  any  event  follows 
the  same  kind  of  a  law  as  does  the  heating  of  the  equipment  that 
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Fig.  6 

furnishes  the  power.  In  short,  both  the  ''block  interval"  and 
the  thermal  storage  meters  recognize  the  effect  of  load  factor  so 
long  as  the  duration  of  the  block  of  load  is  equal  to  or  greater 
than  the  meter  period.  However,  when  the  load  duration  is 
less  than  the  meter  period,  the  "block  interval*'  meter  recognizes 
no  difference  while  the  thermal  storage  meter  continues  to 
recognize  the  heating  effect  of  a  given  block  of  load  entirely 
independent  of  its  duration  in  time.  It  is  the  heating  effect 
that  fixes  the  size  of  the  equipment,  and,  therefore,  the  cost 


Digitized  by  VjOOQIC 


19181  LINCOLN:    THERMAL  STORAGE   METER  197 

that  should  be  assessed  against  the  customer.  It  follows,  there- 
fore, that  the  indications  of  the  thermal  storage  meter  are  more 
logical  for  rate  making  purposes  than  are  those  of  the  arithmetical 
average  or  "block  interval"  meter. 

In  this  connection,  the  results  of  tests  shown  in  Figs.  6,  6,  7,  8 
and  9  will  be  of  interest.  These  show  the  results  of  a  number  of 
test  runs  made  with  a  graphic  meter  of  the  thermal  storage  type. 
These  tests  were  made  on  the  instrument  shown  in  Fig.  2.  The 
time  period  was  30  minutes;  that  is,  the  application  of  a  steady 
load  would  bring  the  meter  indication  to  90  per  cent  of  final 
at  the  end  of  30  minutes,  99  per  cent  at  the  end  of  60  minutes, 
99.9  per  cent  at  the  end  of  90  minutes,  etc.  The  paper  speed  was 
one-quarter  inch  per  hour  and  the  full  scale  was  1000  watts. 
Fig.  5  shows  the  result  of  four  series  of  tests.  In  the  first  series 
shown  at  the  right  hand  bottom  of  Fig.  5,  2000  watt-minutes  were 
applied  to  the  meter,  each  test  of  the  series  starting  at  zero.  In 
the  first  test  of  the  first  series  the  whole  2000  watt-minutes  were 
put  in  in  one-half  minute;  that  is,  power  was  applied  at  the  rate 
of  400O  watts  (fotu-  times  normal  load)  for  one-half  minute. 
After  the  meter  had  had  time  to  return  to  zero,  the  second  test 
of  the  series  was  applied,  viz.,  2000  watts  for  one  minute.  The 
third  block  was  1000  watts  for  two  minutes;  then  follow  600 
watts  for  ionr  minutes,  250  watts  for  eight  minutes,  126  watts 
for  16  minutes  and  62.6  watts  for  32  minutes.  If  these  same 
tests  had  been  applied  to  a  "block  interval"  meter  they  would 
all  have  given  the  same  results  (barring  the  "indefiniteness" 
mentioned  in  a  preceding  paragraph)  if  meastu'ed  on  a  30- 
minute  meter  except,  of  coxu-se,  the  last  test  of  the  series,  which 
would  have  been  lower  than  the  others  in  the  ratio  of  30  to  32. 
I  think  there  are  very  few  who  will  contend  that  the  customer 
who  insists  on  taking  his  entire  half  hour's  requirements  in  a  half 
minute  should  not  pay  a  larger  demand  rate  than  the  one  who 
spreads  it  out  evenly  throughout  the  half  hour. 

The  second  series  of  tests,  shown  in  Fig.  6,  is  the  same  as  the 
first  except  that  the  amount  of  power  is  doubled,  4000  watt- 
minutes  being  applied  instead  of  2000.  No  tests  were  made  that 
involved  applying  load  at  a  rate  greater  than  four  times  normal. 
Similarly,  in  the  third  and  fourth  series  of  tests,  8000  and  16,000 
watt-minutes  were  applied  respectively,  with  the  results  shown. 
Comparing  the  four  series  of  tests  with  each  other,  it  will  be 
seen  that  doubling  the  watts  for  a  given  time  period  doubles  the 
meter  indications,  as,  of  course,  might  have  been  anticipated. 
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Comparing  now  the  individual  tests  of  a  given  series  and  com- 
paring these  results  with  those  deduced  from  purely  theoretical 
considerations,  we  find  that  the  quantity  indicated  by  the  actual 
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meter  when  subjected  to  isolated  short  time  blocks  of  load  is  not 
as  great  as  the  true  logarithmic  average.  Referring  to  Fig.  4, 
for  instance,  the  curve  AAA  and  the  area  BBB  compare  the 
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actual  thermal  meter  with  the  equivalent  "block  interval"  meter. 
If  the  thermal  meter  had  followed  a  true  logarithmic  law,  the 
comparison  would  have  been  shown  by  the  dotted  curve  CCC 
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instead  of  the  solid  curve  AAA.  The  reason  for  this  and  a 
discussion  thereof  will  be  set  forth  in  a  later  paragraph  of  this 
paper. 

Figs.  6,  7  and  8  are  identical  with  Fig.  5  insofar  as  the  value 
of  the  load  fluctuation  is  concerned,  but  the  fluctuation  is  made 
with  the  meter  starting  from  and  returning  to  the  half  load 
point  instead  of  the  zero  load  point.  In  Fig.  6,  for  instance, 
there  is  shown  a  series  of  tests  that  are  taken  with  the  appli- 
cation of  the  following  schedule.  The  meter  was  operated  at 
500  watts  for  a  long  enough  period  for  the  pen  to  take  up  the 
500  watt  position;  then,  4500  watts  was  applied  in  a  positive 
direction  for  one-half  nwnute  and  the  load  was  returned  there- 
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upon  to  this  500-watt  point.  After  the  return  of  the  pen  to  the 
steady  500-watt  position,  3500  watts  was  applied  to  the  meter 
in  a  negative  direction  for  one-half  minute,  the  load  then  being 
returned  to  the  500  watt  point.  This  caused  the  pen  to  travel 
in  a  negative  direction  by  the  same  amount  as  the  first  appli- 
cation caused  it  to  travel  in  the  positive  direction.  Also,  it 
will  be  noted  that  the  travel  of  the  pen  in  both  these  tests  is 
the  same  as  in  the  first  test  of  the  first  series  in  Fig.  5.  The 
remainder  of  the  tests  in  Fig.  6  are  according  to  the  following 
schedtile,  it  being  understood  that  after  the  application  of  the 
scheduled  load,  the  load  was  in  each  case  returned  to  the  500- 
watt  point: 
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2500  watts  in  the  positive  direction  for  1  minute. 
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In  other  words,  this  schedule  is  a  repetition  of  that  shown  in 
Fig.  6,  except  that  it  goes  both  ways  from  the  500-watt  point 
instead  of  only  one  way  from  the  zero  point.  A  comparison  of 
the  various  readings  indicates  that  a  given  departure  in  load  from 
the  500-watt  point  gives  exactly  the  same  result  as  the  same 
degree  of  departure  from  the  zero  point — a  result  that  might 
have  been  expected. 

Figs.  7  and  8  show  the  same  thing  as  Fig.  6  except  that  the 
loads  are  respectively  twice  and  four  times  those  in  Fig.  6. 
These  results  may  be  compared  directly  with  those  in  Fig.  5. 
Fig.  9  shows  the  result  of  a  load  schedule  exactly  similar  to 
Fig.  6  except  that  the  point  of  departure  is  made  the  full-load 
or  1000-watt  point  instead  of  the  zero  point  as  in  Fig.  5,  or  the 
500-watt  point  as  in  Figs.  6,  7  and  8.  Figs.  5,  6,  7,  8  and  9 
indicate  that  a  given  departure  for  a  given  time  from  the  pre- 
vious steady  condition  always  gives  the  same  result  independent 
of  where  that  previous  steady  condition  has  maintained  the  pen. 

In  the  foregoing  tests  are  given  the  results  of  applying  iso- 
lated blocks  of  load  to  the  thermal  storage  meter.  The  question 
now  natui-ally  arises,  suppose  the  blocks  of  load  are  not  isolated, 
but  follow  each  other  before  the  meter  has  had  time  to  return  to 
zero.  The  series  of  tests  shown  in  Figs.  10,  11,  12,  13  and  14 
were  undertaken  to  answer  this  question.  Fig.  10,  for  instance, 
shows  three  series  of  tests.  In  the  first  series,  (shown  at  the 
right  hand  side  of  Fig.  10)  1000  watts  were  put  on  the  meter  and 
kept  on  for  one  minute;  the  load  was  then  thrown  completely 
off  for  one  minute,  that  is,  the  time  cycle  was  two  minutes  long. 
Both  the  load  and  the  time  of  application  were  then  acciu-ately 
kept  on  a  repetition  of  this  load  schedule  for  about  one  and  a 
half  hours.  It  will  be  noted  that  the  meter  pen  came  to  a  steady 
value  of  500  watts  just  as  if  a  steady  load  of  500  watts  were 
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applied  instead  of  a  full  load  and  zero  load  during  altemat 
minutes.  The  second  series  of  tests  shown  in  Fig.  10  is  exactly 
similar  to  the  first,  except  in  point  of  time  of  power  on  and 
power  off,  being  a  two-minute  interval  instead  of  one  n^nute; 
that  is,  the  time  cycle  was  four  n^nutes  long.  In  the  third 
series,  the  time  cycle  of  load  on  and  load  off  is  ten  minutes 
long,  five  minutes  on  and  five  off.  Referring  now  to  Fig.  11, 
which  is  a  continuation  of  Fig.  10,  this  shows  three  similar 
series  of  tests,  the  difference  being  that  the  time  cycles  are  20 
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minutes,  30  minutes  and  60  minutes,  respectively.  In  each  of 
these  power  schedules,  the  average  use  of  power  is  of  course,  at 
the  rate  of  500  watts.  With  the  two-minute  cycle  the  successive 
blocks  of  power  blend  into  each  other  so  that  the  result  is  the 
same  as  if  600  watts  were  applied  continuously.  When  time 
of  the  cycle  is  increased  to  foiu-  nwnutes,  the  pen  responds  slightly 
to  successive  blocks  of  load  application;  the  total  travel  of  the 
pen  being  perhaps  two  per  cent  of  the  total  scale.  When  the 
time  of  the  cycle  becomes  ten  minutes,  this  travel  increases  to 
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about  ten  per  cent  of  total  scale.  With  a  20-niinute  cycle,  this 
travel  becomes  about  25  per  cent;  with  a  30  minute  cycle  about 
45  per  cent  and  with  a  sixty  minute  cycle,  80  per  cent.  If  we 
compare  the  thermal  storage  meter  with  the  "block  interval" 
meter  for  these  various  load  conditions,  we  will  note  the  rather 
curious  fact  that  for  certain  time  intervals,  the  "block  interval" 
meter  has  an  "area  of  indefiniteness,"  while  for  others  it  has  not. 
Figs.  12,  13  and  14  show  a  ntunber  of  series  of  tests  on  power 

TABLB  I. 


Meter  indications. 
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cycles  of  the  same  length  as  in  Figs.  10  and  11 — ^viz.,  the  cycles 
are  of  two  minutes,  four  minutes,  10  minutes,  20  minutes,  30 
minutes  and  60  minutes.  However,  in  Figs.  12,  13  and  14,  the 
power  is  kept  on  during  one-fourth  and  three-fourths  of  the 
time  instead  of  one-half  of  the  time  as  in  Figs.  10  and  11.  The 
resulting  pen  traces  are  highly  interesting  and  instructive.  Tab- 
ulating all  of  these  results  we  arrive  at  the  comparison  between 
the  two  types  given  in  Table  I. 
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The  two  minute,  ten  nwnute  and  thirty  minute  cycles  all  give 
an  arithmetical  average  of  250,  500  or  750  watts  as  the  case  may 
be,  independent  of  the  point  in  the  cycle  where  the  meter  period 
begins.  The  other  time  intervals  vary  over  the  limits  assigned 
in  Table  I,  depending  on  what  point  in  the  power  cycle  the 
meter  period  begins. 

It  is  evident  from  an  inspection  of  Figs.  10,  11,  12,  13  and  14 
as  well  as  the  foregoing  table  that  the  values  indicated  by 
the  thermal  storage  meter  increase  in  a  definite,  logical  and  con- 
sistent manner  as  the  time  period  between  peaks  is  increased 
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while  the  "block  interval"  meter  gives  results  that  are  indefinite, 
illogical  and  inconsistent  tmder  the  same  conditions.  In  other 
words,  the  thermal  storage  meter  recognizes  the  maximum  heat- 
ing effect  of  a  given  load  application  of  any  character,  while  the 
"block  interval"  meter  does  not. 

It  may  be  of  interest  at  this  point  to  make  a  brief  analysis 
of  the  action  of  the  thermal  demand  meter  and  show  the  reasons 
for  its  departiu-e  from  indicating  a  true  logarithmic  average  for 
isolated  short  time  loads  as  was  referred  to  in  a  previous  para- 
graph.   Fig.  15  is  a  reproduction  of  Fig.  6  taken  from  the  au- 
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thor's  A.  I.  E.  E.  paper  of  October  8,  1915,  and  referred  to  in  a 
previotis  paragraph.  This  shows  how  the  "logarithmic  average" 
of  a  given  load  may  be  calculated  from  purely  theoretical  con- 
siderations. Quoting  from  that  paper,  page  2195:  ''Suppose 
we  have  a  load  constantly  varying  with  time  as  indicated  by  the 
broken  line  CHDEIKFM.  If  we  apply  a  thermal  storage 
meter  to  this  load  of  such  characteristics  that  it  requires  an 
hour  for  it  to  attain  90  per  cent  of  its  final  indication,  the  cooling 
(or  heating)  curve  of  that  meter  will  follow  the  law  indicated 
by  curve  A,  The  quantity  that  will  be  indicated  by  such  a 
thermal  storage  meter  at  any  given  instant  (for  instance,  at 
12  o'clock  in  Fig.  6),  will  be  proportional  to  the  cross-hatched 
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area  under  the  broken  line  C  H'  D'  £'  /'  K'  F'  M\  The  value 
of  the  ordinates  of  this  cross-hatched  area  at  any  instant  are 
proportional  to  the  value  of  the  power  ordinate  at  that  instant 
reduced  by  the  ratio  of  the  ordinate  of  ciuve  A  at  that  instant 
to  the  maximum  ordinate  0  G  of  curve  A,  If  we  can  just 
imagine  this  curve  A  as  continually  sliding  along  the  power 
curve,  the  quantity  which  it  measures  will  always  be  proportional 
to  an  area  that  is  secured  at  each  instant,  just  as  Fig.  6  shows  it 
at  the  instant  of  12  o'clock. 

"If  our  meter  is  a  ten-minute  meter  instead  of  one-hoiu" 
meter — that  is,  if  it  takes  only  ten  minutes  to  cool  down  or 
heat  up  to  within  10  per  cent  of  its  final  value — the  quantity 
that  will  be  measiu-ed  will  be  proportional  to  the  cross-hatched 
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area  under  the  broken  line  K"  F"  M".  In  this  case,  the  ordinates 
of  this  area  are  reduced  in  accordance  with  the  logarithmic 
curve  B  instead  of  A ;  the  curve  B  comes  down  to  10  per  cent  of 
its  initial  value  in  ten  minutes  instead  of  one  hour  as  is  the  case 
of  ^." 

The  above  shows  the  method  of  calculating  the  indications 
of  a  theoretically  perfect  thermal  storage  meter.  For  short 
time  applications  of  load,  however,  the  actual  meter  is  not 
theoretically  perfect.  The  principal  cause  for  this  departure  is 
the  fact  that  difiEusion  of  heat  throughtout  the  mass  of  a  meter 
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element  is  not  instantaneous.  Consider,  for  instance,  the  appli- 
cation of  a  one-minute  load  to  such  a  meter.  Test  shows  that 
it  takes  nearly  five  minutes  after  the  load  is  thrown  off  before 
the  pointer  reaches  its  maximum  position.  The  application  of 
this  isolated  block  of  load  heats  one  meter  element  and  cools 
the  other  from  the  previous  steady  condition.  This  wave  of 
heat  change,  of  course,  originates  in  the  resistance,  but  to  effect 
the  meter  must  pass  to  the  spiral  bimetallic  springs.  That  is, 
the  heat  must  first  pass  from  the  resistances  to  the  casings  en- 
closing the  springs,  then  the  air  inside  the  casings  is  heated  and 
this,  in  turn,  heats  the  bimetallic  springs.     The  heat  must  get 
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from  the  resistances  to  the  bimetallic  springs  before  the  meter 
will  respond.  This  process  takes  time.  During  this  time  some 
heat  that  has  been  put  into  the  resistance  escapes  from  the 
casing  partly  by  radiation  and  convection  and  partly  by  con- 
duction back  through  the  lead  wires.  This  action  leads  to  no 
departure  from  theoretical  when  the  load  is  steady  but  only 
when  the  load  is  an  isolated  block.  The  amount  of  this  de- 
parture can  readily  be  found  from  the  results  of  the  tests  shown 
in  Figs,  5,  6,  7,  8  and  9  and  the  comparison  of  the  actual  meter 
with  the  theoretically  perfect  meter  is  shown  by  comparing  the 
solid  and  dotted  lines  in  Fig.  4.  This  comparison  is  also  shown 
directly  in  Fig.  16.     It  might  be  noted  that  such  departure  as 


Fig.  16 

there  is  from  the  theoretically  perfect  meter  causes  the  actual 
meter  to  read  lower  than  the  theoretical.  This  is  the  "safe" 
position.  If  any  device  used  in  determining  a  customer's  bill, 
favors  the  company  supplying  the  service,  it  can  be  successfully 
attacked  by  the  customer.  If  the  contrary  is  true,  it  cannot. 
Hence,  the  departure  noted  is  on  the  "safe*'  direction. 

An  objection  has  been  raised  to  the  thermal  storage  meter  in 
that  it  reads  higher  on  an  increasing  load  than  it  does  on  a  de- 
creasing load,  the  kilowatt  hours  and  the  time  of  application 
being  the  same  in  both  cases.  The  tests  shown  in  Fig.  17  were 
undertaken  to  find  the  value  of  this  discrepancy.  In  this  figure, 
the  first  test  (beginning  at  the  right  hand  side)  was  made  by 
applying  10  per  cent  load  during  the  first  nwnute,  20  per  cent 
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during  the  second  minute,  30  per  cent  during  the  third,  etc.,  until 
ten  periods  of  one  minute  each  had  been  applied,  the  last  one  min- 
ute period  being  100  per  cent  load.     In  the  second  test,  exactly 
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Pig.    16 — Theoretically   Perfect  Thermal   Meter   Compared  to 
Actual  Performance 

the  same  load  schedule  was  applied,  except  that  the  time  of  each 
application  was  made  for  two  minutes  instead  of  one.  In  the 
third  test,  this  time  period  was  increased  to  five  ndnutes.     In 
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the  next  series  of  tests,  the  load  was  made  to  decrease  with  time 
instead  of  increase;  during  the  first  time  interval,  100  per  cent 
load  was  applied,  followed  during  the  next  interval  by  90  per  cent 
load,  then  80  per  cent,  etc.,  until  during  the  tenth  interval  10 
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per  cent  load  was  applied.  The  time  intervals  were  one  minute, 
two  minutes  and  five  minutes  as  in  the  first  series.  The  com- 
parison of  the  actual  thermal  meter,  the  theoretically  perfect 
logarithmic  average  meter  and  the  arithmetical  average  meter 
for  these  various  load  applications  is  given  in  the  following 
table.     (Percentage  is  variation  from  perfect  logarithnoic  meter ) 


Time 

Nature 

Theoretically 

Block  interval  meter 

interval. 
Minutei 

of 
load 

Actual 
meter 

perfect 
meter 

Maximum 

Minimum 

1 

Increaaing 

296  (10.2%) 

328 

187  (43%) 

93  (71.5%) 

1 

Decreasing 

275  (1.8%) 

280 

187  (33.3%) 

93  (66.7%) 

2 

Increasing 

480  (9.4%) 

629 

373  (29.5%) 

187  (64  7%) 

2 

Decreasing 

425  (0%) 

426 

373  (12.3%) 

187  (56%) 

6 

Increasing 

760  (4%) 

792 

760  (5.2%) 

460  (43:2%) 

5 

Decreasing 

630  (0.2%) 

631 

760  (9.6%) 

450  (28.8%) 

The  reason  for  the  difference  in  indication  between  increasing 
and  decreasing  loads  is  readily  seen  by  reference  to  Figs.  18,  19 
and  20.  In  Fig.  18  the  method  of  analysis  shown  in  Fig.  15  is 
applied  to  a  load  increasing  by  10  per  cent  steps.  The  reading 
of  a  theoretically  perfect  meter  on  such  a  load  would  be  propor- 
tional to  the  cross-hatched  area  in  this  figure.  Fig.  19  shows  the 
same  method  of  analysis  applied  to  a  decreasing  load.  The 
cross-hatched  area  in  this  figure  is  obviously  less  than  that  in 
Fig.  18.  However,  the  instant  chosen  in  Fig.  19  is  not  the 
instant  of  maximum  indication.  The  instant  of  maximum 
indication  with  a  decreasing  load  occurs  before  the  entire  block 
of  load  has  passed  through  the  meter.  The  instant  shown  in 
Fig.  20  gives  a  considerably  larger  cross-hatched  area  than  that 
in  Fig.  19.  In  other  words,  with  a  decreasing  load,  the  maxi- 
mum indication  arrives  before  the  whole  load  has  been  put  in. 
Or,  to  put  it  in  another  way,  with  an  increasing  load,  each  incre- 
ment of  load  finds  the  meter  already  heated  by  the  preceding 
load  and  the  maximum  load  is  applied  to  the  hottest  meter 
element.  With  a  decreasing  load,  the  maximum  load  is  applied 
to  the  coldest  meter  condition  and  the  maximum  temperature 
arrived  at  is  not  as  great  as  with  an  increasing  load.  This  action 
is  entirely  defensible  since  exactly  the  same  action  takes  place 
in  the  equipment  that  serves  the  load.  An  increasing  load  heats 
up  transformers,   cables,   generators,   etc.,   more  than  does  a 
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decreasing  load,  although  the  kilowatt-hotirs  and  the  time  of 
application  are  exactly  the  same  in  each  case. 

The  question  may  properly  be  raised  as  to  the  proper  time 
pericKi  to  use  in  the  measurement  of  maximiun  demand.  At 
present,  the  practise  of  various  public  service  companies  varies 
in  this  respect  over  a  very  large  range.  One  minute  is  the  mini- 
mum time  diu-ation  for  maximum  demand  measiu-ement  that 
the  author  is  aware  of  and  one  hoiu-  is  the  maximum.     Between 


Fig.  18 


Fig.  19 


these  limits  a  large  niunber  of  time  periods  have  been  proposed 
and  used.  So  long  as  it  is  recognized  that  equipment  cost  is  the 
element  that  dictates  the  maximimi  demand  portion  of  a  custo- 
mer's bill,  the  use  of  time  periods  of  less  than  about  thirty  min- 
utes cannot  be  justified,  since  no  part  of  a  normal  equipment  for 
supplying  electric  service  to  a  customer  has  heat  storage  charac- 
teristics that  will  cause  it  to  arrive  at  90per  cent  of  its  final  temper- 
ature in  less  than  thirty  minutes  and  many  of  the  items  of  such 


Fig.  20 

an  equipment  have  a  much  longer  time  period.  In  many  cases, 
short-time  periods  for  maximimi  demand  have  been  adopted  for 
the  purpose  of  penalizing  the  customer  with  a  high  short-time 
j>eak.  The  thermal  demand  meter  does  this  automatically  and, 
therefore,  there  is  not  the  same  reason  for  using  short  periods 
when  meastuing  demands  with  a  thermal  meter  that  there  is 
when  using  the  "block  interval"  meter.  For  steady  loads,  it 
does  not  matter  whether  the  demand  is  on  a  one  minute  or  a 
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one  hour  basis,  the  result  is  the  same.  The  average  generator, 
transformer  or  cable  has  heat  storage  characteristics  that  usually 
require  a  time  considerably  in  excess  of  30  minutes  for  them  to 
arrive  at  90  per  cent  of  their  final  temperature  when  a  steady 
load  is  applied.  A  30-minute  meter,  therefore,  is  about  the 
minimum  time  period  for  maximimi  demand  that  can  be  justified 
on  the  score  of  assessing  equipment  costs  against  the  customer 
and  the  tendency  of  the  future  will  undoubtedly  be  toward 
longer  time  periods.  The  30-minute  thermal  demand  watt- 
meter is  the  first  time  period  to  be  developed  but  other  time 
periods  will  be  brought  out  as  occasion  requires. 

Summary 

1.  The  cost  of  electric  service  is  dependent  in  part  upon  the 
cost  of  the  equipment  necessary  to  provide  that  service. 

2.  The  cost  of  the  necessary  equipment  to  a  given  customer 
depends  upon  his  maximum  demand  and  not  on  his  kilowatt- 
hours  of  consumption. 

3.  The  thermal  storage  demand  meter  gives  a  perfectly 
definite  indication  independent  of  the  character  of  the  load  ap- 
plied, while  the  "block  interval"  demand  meter  becomes  highly 
indefinite  on  short-time  peak-load  applications. 

4.  For  short-time  peak-load  applications  the  thermal  storage 
demand  meter  follows  a  law  of  the  same  nature  as  the  heating 
effect  of  the  load  application  upon  the  service  equipment,  while 
the  "block  interval*'  meter  does  not. 

5.  For  steady  loads  the  thermal  storage  and  "block  interval'* 
demand  meters  give  identical  results. 

6.  The  thermal  storage  demand  meter  gives  a  much  higher 
indication  for  a  very  short-time  peak-load  application  than  does 
the  "block  interval"  demand  meter,  thereby  making  tmnecessary 
the  adoption  of  short  demand  periods  designed  to  penalize  such 
high  peak  loads. 
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Discussion  on  "The  Charactbr  op  the  Thermal  Storage 
Demand  Meter."  (Lincoln),  New  York,  February  16, 
1918. 

C.  !•  Hall:  A  very  large  part  of  the  justification  for  the  use 
of  a  thermal  type  of  demand  meter  is  based  upon  the  idea  that 
the  primary  rate  should  be  proportioned  to  the  thermal  capacity 
of  the  equipment  required  to  serve  a  customer.  Since  the  ther- 
mal capacity  of  the  various  units  of  the  installation  depends 
very  largely,  or  entirely,  upon  the  current  flowing  rather  than 
the  wattage  of  the  circuit,  would  it  not  be  very  much  more  logical 
to  employ  a  thermal  ammeter  for  such  meastu^ments  than  a 
thermal  wattmeter? 

It  is  very  interesting  to  note  the  modification  of  the  characteris- 
tic curve  of  the  thermal  storage  wattmeter  as  compared  with  the 
curve  indicated  in  Mr.  Lincoln's  paper  on  ''Rates  and  Rate  Mak- 
ing" of  October,  1915.  At  that  time  in  the  discussion  there  was 
presented  a  curve  on  the  characteristics  of  three  different  types 
of  demand  meters,  the  first  being  the  Wright  demand,  the  second 
the  logarithmic  average  as  taken  from  Mr.  Lincoln's  paper,  and 
the  tlurd  the  characteristic  of  a  thermal  ammeter. 

The  approach  of  the  Lincoln  thermal  demand  meter  described 
at  that  time  to  the  theoretical  logarithmic  curve  was  very  close 
on  accotmt  of  the  very  rapid  dissipation  of  heat  throughout  the 
measuring  apparatus. 

In  connection  with  the  modifications  which  have  been  made 
by  the  use  of  a  bi-metallic  strip  where  the  heat,  which  is  pfropor- 
tional  to  the  wattage,  is  applied  to  one  end,  the  deviation  from 
the  theoretical  logarithmic  curve  is  considerably  greater,  and  by 
taking  the  curves  as  presented  in  the  present  paper,  it  is  interest- 
ing to  note  that  the  curve  on  the  thermal  storage  wattmeter  is 
now  entirely  coincident  with  the  curve  of  the  thermal  anuneter 
that  was  given  at  that  time. 

All  of  the  data  which  have  been  presented  to  indicate  the 
differences  of  indication  between  the  thermal  type  of  demand 
meter  and  other  types  of  demand  meters  are  based  upon  single 
customer  loads.  It  is,  of  course,  academically  int^'esting  to 
know  what  these  variations  are,  but  no  account  in  this  discus- 
sion has  been  taken  whatever  of  the  diversity  factor.  Mr. 
Ferguson  in  a  paper  presented  before  the  Association  of  Edison 
Illuminating  Companies  many  years  ago  stated  that  the  diversity 
factor  was  one  of  the  prerogatives  of  the  central  station,  one  of 
its  inalienable  rights.  In  other  words,  a  high  diversity  factor 
assists  the  central  station  in  all  of  its  work  and  in  its  rate  making. 

Therefore,  in  the  discussion  of  the  application  of  metering 
devices  to  actual  problems,  it  is  essential  to  consider  the  diversity 
factor  as  paramount.  When  so  considered,  it  will  be  found 
invariably  that  any  academic  differences  of  individual  customer 
loads  are  gradually  widened  out,  and  that  the  general  effect  is 
the  bringing  together  of  the  characteristics  of  various  types  of 
meters. 
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In  this  connection  I  believe  it  would  be  very  interesting  to 
have  at  some  later  time  a  discussion  of  the  measurement  of 
actual  load  conditions  when  metered  by  the  various  types  of 
demand  meters  operating  upon  various  characteristic  loads. 

F.  V.  Magalhaes:  It  would  be  interesting  to  know  what  the 
performance  of  the  instrument  would  be  under  varying  external 
temperature  conditions.  Mr.  Lincoln  dismisses  this  point  with 
the  statement  that  the  operating  shaft  will  not  turn  with  changes 
in  external  temperature.  There  are  no  actual  figures  given 
showing  the  temperature  coefficient  of  the  instnmient. 

He  compares  the  results  obtained  by  his  instrument  with  one 
type  of  commonly  used  demand  meter  only  and  ignores  entirely 
other  types  of  demand  meters  and  in  particular  one  which  has 
been  available  and  in  successful  operation  for  several  years.  I 
refer  to  what  is  known  as  the  Ingalls  device.  The  indications 
obtained  by  the  Ingalls  device  permit  the  demand  to  be  calculated 
readily  and  accurately  to  any  minute,  and  do  not  confine  the 
demand  to  predetermined  clock  intervals. 

Mr.  Lincoln's  comparison  between  the  performance  of  his 
instrument  and  what  he  calls  the  Block-interval-type  meter  is 
entirely  imfair  to  the  Block-interval-type  meter,  as  he  shows 
absolutely  no  restilts  obtained  from  the  instrument  itself  on  an 
actual  test,  but  merely  states  its  theoretical  or  calctdated  per- 
formance on  an  asstuned  load.  He  certainly  is  well  aware  that 
no  load  in  practise  follows  cyclically  the  set  intervals  which  can 
be  imposed  on  a  test  load.  It  is  a  matter  of  record,  as  demon- 
strated by  tests  extending  over  long  periods,  that  the  block- 
interval-type  meter  indicates  the  actual  maximtmi  demand  ci  the 
circuit  to  within  the  instrument's  error  of  registration.  It  is 
possible  to  impose  on  this  type  of  instrtmient  a  short  test  run 
with  a  load  definitely  controlled  within  certain  time  limits,  so 
that  the  instrument,  although  it  will  show  with  accuracy  the 
maximum  demand  within  its  rated  interval,  will  not  show  the 
highest  figure  that  may  have  occurred  in  the  short  test  period. 
This  is  by  no  means  the  fair  or  proper  way  to  test  such  an  instru- 
ment, and  misleading  conclusions  should  not  be  drawn  from 
narrow  test  restilts  so  obtained. 

Mr.  Lincoln  is  very  strongly  in  favor  of  standardizing  the 
maximum  demand  interval  for  the  entire  coimtry.  This  is  a 
laudable  desire,  but  it  is  very  much  of  a  question  as  to  whether 
his  desires  in  the  matter  are  not  colored  more  by  the  fact  that 
his  instrument  is  inherently  a  half -hour  instnmient  rather  than 
by  a  desire  to  settle  the  maximum  demand  troubles  for  the  entire 
industry.  Mr.  Lincoln  had  some  years*  experience  at  Niagara 
Falls  and  is  undoubtedly  familiar  with  the  one-minute  and  other 
special  maximtun  demand  periods  which  have  in  the  past  and 
still  continue  to  be  effective  in  that  district. 

There  are  other  localities  where  contracts  embodying  a 
demand  period  of  one  hour  have  been  in  effect  for  years.  It  is 
possible  to  find  still  other  localities  where  the  demand  period 
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may  be  anything  between  one  minute  and  one  hour  and  the 
period  justified  by  local  conditions  which  cotild  not  be  altered 
merely  by  a  desire  to  standardize  to  some  other  period. 

G.  L.  Hozie:  On  the  first  page  of  Mr.  Lincoln's  paper  he 
gave  the  reason  for  the  maximtmi  demand  indicator,  as  follows: 
"The  incorporation  of  maximtmi  demand  in  a  rate  for  el^tric 
service  is  an  attempt  to  assess  upon  the  user  of  that  service  hU 
proper  share  of  the  annual  cost  of  equipment  necessary  for 
giving  the  service." 

Now,  it  seems  to  be  asstmied  in  this  paper  that  the  annual 
cost  of  the  equipment  necessary  to  give  the  service  which  a 
customer  uses  is  a  function  of  the  heating  of  that  equipment 
due  to  such  service.  The  limiting  thing,  however,  may  well  be 
the  maximum  peak  capacity  of  the  generating  stations  of  the 
company  furnishing  the  current.  It  is  only  rarely  that  maximum 
possibility  of  service  is  determined  by  the  capacity  of  equipment 
located  outside  of  the  generating  or  sub-stations.  The  maximtmi 
peak  capacity  of  a  generating  station  is  not  usually  limited  by 
heating.  I  believe  in  the  case  of  a  modem  turbine  that  the 
number  of  kilowatts  you  can  take  out  depends  to  a  greater 
extent  upon  the  steam  end  than  upon  the  electric  end,  and  a 
similar  situation  exists  with  many  water  power  units,  not  with 
aU,  of  course. 

However,  the  principal  comment,  I  wish  to  make  is  along  the 
line  of  that  of  a  previous  speaker,  and  is  in  connection  with 
diversity.  Mr.  Lincoln  has  used  a  very  striking  illustration  of 
a  customer  taking  one  thousand  kilowatt  hours  per  year,  and,  if 
the  service  all  be  taken  in  one  day,  he  takes  current  at  365  times 
the  rate,  as  if  his  use  were  spread  out  over  the  year,  and  the 
inference  is  that  his  use  of  the  company's  apparatus  costs  the 
company  365  times  as  much  as  if  the  service  were  so  spread  out. 

To  carry  that  same  illustration  further,  let  us  asstmie  that 
there  are  364  other  customers,  each  taking  current  on  a  different 
day.  In  that  case,  so  far  as  the  production  of  the  electricity  is 
concerned,  there  would  be  no  difference  between  the  load  of  the 
365  customers,  each  taking  current  on  a  different  day,  and  one 
customer  taking  the  same  current  every  day. 

It  seems  to  be  asstmied  in  the  paper  that  the  heating  effect 
shown  by  the  customer's  maximum  demand  meter,  taken  by 
itself,  is  the  quantity  which  should  be  considered,  but  as  a 
matter  of  fact,  it  seems  to  me  it  is  the  effect  upon  the  generating 
stations  of  the  company,  due  to  this  particular  customer's  draft 
of  energy,  combined  as  it  is  with  the  demands  of  all  the  other 
customers  of  the  company;  in  other  words,  the  customer's  maxi- 
mum demand,  in  itseft,  is  not  a  question  with  which  the  genera- 
ting company  is  necessarily  concerned.  The  maximum  demand  of 
a  particular  customer  which  occurs  synchronously  with  the  maxi- 
mum demand  upon  the  generating  stations,  is  the  one  thing  which, 
it  seems  to  me,  must  be  considered,  and  therefore  I  would 
suggest  modifying  clause  No.  2  in  Mr.  Lincoln's  summary  so 
that  it  will  read: 
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2.  The  cost  of  the  necessary  equipment  to  a  given  customer 
depends  upon  his  demand  coincident  with  the  station  maximum 
demand  and  not  on  his  kilowatt  hours  of  constunption. 

That  of  itself  eliminates  the  use  of  the  one-minute  peak  for 
the  ordinary  customer.  The  one-minute  peak  of  the  ordinary- 
customer  will  be  smoothed  out  long  before  it  reaches  the  genera- 
ting station.  In  the  case  of  a  customer  like  a  railway  company, 
which  may  have  a  demand  which  is  a  large  percentage  of  the 
total  demand  of  the  company,  possibly  a  one  minute  peak  may 
be  an  important  quantity. 

W.  H.  Pratt:  There  is  a  question  I  would  like  to  ask,  sug- 
gested by  the  sentence,  *'0n  the  other  hand,  the  thermal  storage 
meter  is  perfectly  definite  in  its  indication.  Each  time  a  given 
load  of  given  time  duration  is  applied  to  this  type  of  meter,  it 
gives  the  same  indication."  What  would  be  the  comparative 
reading  of  two  instruments,  of  different  capacities,  when  put  on 
the  same  load,  for  instance,  an  instrument  of  1000  kw.,  and 
another  one  of  2000  kw.,  given  a  load  of,  roughly,  say  900  kw., 
or  800  kw.  It  is,  of  course,  necessary  at  times  to  use  a  device 
such  as  is  available,  but  that  might  not  be  the  device  chosen 
were  all  capacities  available. 

It  seems  to  me  that  there  is  no  serious  objection  to  using  the 
logarithmic  law  of  performance  of  demand  meters  for  consider- 
able classes  of  work.  It  seems  to  me  also  that  it  is  a  mistake  to 
make  a  virtue  of  this  logarithmic  law,  to  place  a  special  emphasis 
upon  it,  tmless  the  law  is  pretty  closely  followed,  and  I  judge 
from  the  figures  given  in  this  paper  that  it  is  not,  in  fact,  that 
the  departure  is  wide. 

M.  G.  Lloyd:  The  objection  which  the  author  has  spoken 
of  to  this  meter  in  regard  to  the  differences  in  registration  with 
increasing  loads  and  decreasing  loads  wotild  not,  on  the  face  of  it, 
be  any  objection  if  the  load  imder  consideration  were  the  only 
load  on  the  generating  station.  The  fact  that  this  meter  very 
closely  reproduces,  in  the  effects  within  it,  what  is  taking  place 
in  the  generating  apparatus,  as  regards  heating,  would  make 
that  matter  take  care  of  itself.  However,  in  the  case  of  a  central 
station  utility,  one  does  not  usually  have  a  condition  of  that  kind. 
The  load  of  a  particular  customer  is  simply  imposed  upon  a 
comparatively  large  load  in  the  generator,  in  which  case  the 
effect  is  not  reproduced  in  the  generator,  and  consequently  there 
is  some  objection  to  that  characteristic  in  the  meter. 

Another  factor  which  is  to  be  considered  and  to  which  the 
author  has  referred,  is  the  time  taken  for  a  generator  or  other 
apparatus  to  reach  its  final  temperatiu-e,  tmless  his  asstimptions 
are  that  one  is  starting  from  a  condition  of  no  load,  and  of 
course  that  does  not  apply  to  any  particular  customer's  load 
being  thrown  on  the  line;  and  it  is  for  that  reason  I  think,  that 
the  central  station  does  find  it  important  to  consider  compara- 
tively brief  intervals  of  demand  rather  than  demand  covering 
periods  of  a  half  hour  or  longer. 
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I  should  like  to  ask  the  author  whether  this  instrument  was 
made  up  in  a  form  to  be  indicating  rather  than  recording,  in  the 
sense  of  giving  a  graphic  record. 

A.  S.  Albright:  We  have  had  the  opportunity  of  making 
some  tests  on  the  indicating  form  of  the  type  **RH"  meter. 
After  various  laboratory  tests,  the  "RH"  meter  was  installed 
on  a  typical  factory  load,  together  with  two  other  demand  meters, 
both  of  the  graphic  integrating  tjrpe,  and  readings  of  the  three 
meters  were  observed  weekly  for  several  months.  The  curves 
obtained,  given  in  Fig.  1,  show  the  comparative  performance 
of  the  two  types  of  meters  on  this  installation.  The  thermal 
meter  shows  a  higher  demand  in  all  cases.  The  break  in  the 
curves  is  caused  by  skipped  readings. 

We  have  had  no  experience  with  the  graphic  form  of  Mr. 
Lincoln's  meter. 
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Pig.  1 — Comparison  of  ''Thermal  Storage*'  with  Integrating 
Demand  Meters  on  a  Typical  Factory  Load 

H.  D.  James:  There  is  another  use  for  this  thermal  storage 
meter  which  I  wish  to  bring  out,  because  I  believe  it  has  an 
important  field,  and  that  is  in  connection  with  individual  pieces 
of  apparatus.  I  have  particularly  in  mind  the  motor.  Many 
motors  are  operated  on  an  intermittent  load.  The  operator  is, 
in  many  cases,  desirous  of  knowing  what  is  the  average  heating 
effect  cf  this  load  on  the  motor.  If  he  has  an  ammeter  in  front 
of  him,  and  it  varies  back  and  forth,  he  must  make  a  mental 
integration  of  the  heat.  If,  however,  we  place  a  time-demand- 
overload  meter  on  the  motor,  he  does  not  know  what  is  going  to 
happen  until  the  motor  shuts  down.  If,  however,  he  has  a  meter 
which  indicates  the  heat  going  into  the  motor — ^a  30-minute 
time  interval  is  long  enough  for  most  applications — he  will  have 
in  front  of  him  an  ammeter  which  is  giving  him  a  true  integration 
of  the  heat  in  his  motor,  and  continually  indicating  what  is 
going  on,  and  when  the  needle  reaches  a  predetermined  point 
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his  motor  will  shut  down,  and  stay  shut  down  a  predetermined 
time,  before  he  can  start  it  up  again. 

Such  a  device  is  very  desirable,  and  I  think  it  is  one  of  the 
devices  the  trade  has  been  working  toward  for  a  number  of 
years.  We  have  the  thermo-couple  in  the  large  generator,  but 
so  far  it  does  not  seem  as  though  the  thermal  couple  for  the 
small  apparatus  can  be  produced  commercially.  We  have  a 
time-element-overload  relay,  which  is  commercial,  but  it  has 
only  a  short  time  interval. 

If  we  have  a  thermal  integrating  meter  which  is  useful  for  not 
only  determining  the  charge  the  customer  shoxdd  pay  for  the 
power  he  consumes,  but  also  as  a  protection  for  his  motor,  and 
which  will  allow  the  customer  to  operate  the  motor  close  to  its 
maximum,  and  still  keep  within  the  proper  heat  limit. 

H.  L.  Wallau  (by  letter) :  The  thermal  type  of  demand 
meter  is  sure  to  have  a  promising  future,  once  its  operating 
characteristics  are  thoroughly  understood. 

Its  simplicity,  reliability,  absence  of  clock  troubles,  coupled 
with  the  fact  that  on  a  load  of  given  characteristics  it  will  alwa^rs 
duplicate  its  previous  indications,  are  valuable  assets.  This 
was  shown  by  test,  and  it  was  also  found  to  be  very  accurate 
with  variable  voltage  and  at  various  power  factors. 

Where  a  ntmiber  of  such  meters  are  connected  in  series  with  a 
load  all  should  give  the  same  indication.  To  my  knowledge,  this 
is  the  only  meter  possessing  this  very  desirable  characteristic. 
Lack  of  synchronism  in  clock  movements  prevents  similar 
results  from  being  obtained  with  the  usual  types  of  demand 
meters  now  available.  This  last  feature  we  have  been  as  yet 
tmable  to  check  by  tests  because  we  had  but  one  meter  available 
for  testing  purposes. 

Its  accuracy  depends  upon  the  brightness  of  the  nickel  plated 
heater  casings  remaining  unimpaired.  Just  what  effect  the  ex- 
posure of  this  type  of  meter  to  ftunes  and  gases  in  industrial 
establishments  will  have,  remains  to  be  seen. 

The  author  has  discussed  its  principles,  acknowledges  that  on 
heavy  loads  of  relatively  short  duration  its  registration  is  above 
the  arithmetical  mean,  but  points  out  that  it  does  truly  follow 
the  heating  characteristics  of  the  energy  supply  devices  and 
therefore  that  this  is  a  point  in  its  favor. 

It  is  self-evident  that  if  every  consumer  of  a  class  pays  his  just 
share  of  the  cost  of  delivering  current  to  him,  there  will  be  no 
'discrimination  in  favor  of  any,  and  that  the  ultimate  effect  must 
be  to  allow  of  rate  reductions  to  the  class,  as  a  whole,  more 
rapidly  than  if  some  losses  must  be  absorbed  due  to  inequalities 
in  charges  favoring  short-hour  users.  Commercial  expediency 
may  modify  the  application  of  this  principle  somewhat,  but  its 
truth  remains  unchanged. 

As  regards  the  period  during  which  the  maximtmi  demand 
should  be  measured,  considerable  difference  of  opinion  is  yet 
manifest.    One  large  company  uses  an  hour  period  and  reads 
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the  demand  weekly.  The  average  of  the  four  readings  is  billed 
as  the  monthly  demand.  The  object  of  this  is  to  prevent  the 
undue  penalization  of  a  consumer  for  some  abnormal  demand 
whidi  might  accidentally  be  made  on  a  certain  day,  and  which 
is  not  typical  of  the  general  operating  characteristics  of  his  load. 

In  my  judgment  the  meter  with  a  time  period,  such  that  90 
per  cent  of  the  load  will  be  indicated  in  the  interval  for  which 
the  demand  is  taken  under  the  contract,  is  preferable  to  that  in 
which  only  63 . 2  per  cent  of  the  load  would  be  indicated  in  that 
period. 

P.  M.  Lincoln:  Mr.  Hall  refers  to  the  thermal  capacity  of 
the  equipment,  and  states  that  on  the  basis  of  thermal  capacity 
that  the  meter  used  should  be  a  current  meter,  an  ammeter 
rather  than  a  wattmeter.  That  is  true  within  limits.  It  is  not 
true  that  apparatus  in  general  has  a  temperature  in  proportion 
to  the  amperes  carried.  If  all  of  the  heat  were  due  to  the  passage 
of  the  current,  that  statement  would  be  true,  but  in  electrical 
apparatus  in  general,  only  a  part  of  the  heat  is  due  to  the  passage 
of  the  current. 

In  large  turbo-alternators,  the  armature  copper  loss  amounts 
to  only  10  or  20  per  cent  of  the  total,  and  consequently  the  heat- 
ing of  that  device  is  not  proportioned,  by  any  means,  to  its 
ampere  capacity.  The  same  is  true  of  other  pieces  of  electrical 
apparatus  which  are  used,  even  the  cable.  The  heating  of 
cables  depends  almost  wholly,  to  be  sure,  on  the  current  carried, 
but  the  next  paper  indicates  that  a  considerable  proportion  of 
the  losses  which  take  place  in  cables  is  due  to  the  element  depend- 
ing on  the  voltage,  so  that  an  element  which  depends  on  current 
alone  is  not  sufficient  to  insure  the  heating  of  electrical  apparatus 
in  general.  It  must  be  something  which  takes  in  elements  other 
th^  mere  amperes. 

I  maintain,  therefore,  that  the  wattmeter  will  probably  in 
general  come  nearer  measuring  the  true  capacity  of  the  apparatus 
than  will  an  ammeter,  although  the  ammeter  on  exactly  the 
same  principles  is  available,  and  will  tmdoubtedly  have  a  con- 
siderable part  in  the  future  of  demands  as  they  are  measiu-ed. 

Another  thing  called  attention  to  is  this  matter  of  the  time  of 
diffusion,  the  time  it  takes  for  heat  to  diffuse  through  the  meter 
element.  Mr.  Hall's  view  of  that  featiu-e  and  mine  seem  to  be 
different.  I  consider  the  time  of  diffusion  as  a  distinct  handicap. 
I  think  that  Mr.  Hall  considers  it  an  advantage,  and  there  is  a 
distinct  difference  of  opinion  between  us  on  that  particular  point. 
I  wish  I  could  produce  a  device  in  which  the  time  of  diffusion  was 
zero. 

It  was  found  that  a  true  logarithmic  law  would  avoid  the 
error  shown  in  Fig.  16  of  my  paper.  It  is  the  time  taken  for 
the  diffusion  of  the  heat  throughout  the  meter  limit  which  gives 
rise  to  departure  from  the  true  logarithmic  law,  and  therefore 
gives  rise,  in  the  case  of  the  thermal  meter,  for  analyzing  the 
true  logarithmic  average  as  analyzed  in  Pig.  16. 
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I  wish  it  were  possible,  therefore,  to  avoid  the  time  of  diffusion 
throughout  the  meter  element.  I  consider  that  time  of  diffusion 
as  a  distinct  disadvantage.  Possibly  as  things  go  along,  we  will 
find  means  of  overcoming  it. 

Mr.  Magalhaes  asks  concerning  the  temperature  coefficient 
of  the  meter.  I  have  made  a  good  many  measurements  of  the 
temperature  coefficient,  and  the  temperature  error  is  so  small 
that  it  is  pretty  hard  to  make  an  accurate  determination  of  it. 
In  general,  I  can  say  that  it  is  about  one-tenth  or  one  twentieth 
of  a  per  cent  for  each  degree  of  change  in  centigrade  temperature. 
That  is  not  a  very  large  change,  but  as  I  say,  it  is  a  difficult 
thing  to  measure  because  it  is  so  small. 

Mr.  Magalhaes  speaks  of  a  device  which  he  calls  the  Ingalls 
device.  I  am  not  prepared  to  comment  on  that,  because  I  am 
not  familiar  with  the  device  he  mentions. 

Mr.  Hoxie  and  several  other  gentlemen  have  objected  to  my 
conclusions,  in  that  I  have  taken  the  cost  of  the  customer's  equip- 
ment as  being  proportional  to  the  maximtmi  demand  of  that 
customer.  Mr.  Hoxie  and  the  others  who  referred  to  that  point 
spoke  specifically  of  the  generator  capacity,  and  if  we  consider 
generator  capacity  only,  they  are  more  or  less  correct  in  their 
conclusions.  However,  it  is  true  that  the  majority  of  the  cost 
of  electrical  equipment  for  serving  the  customers  is  not  in  the 
power  house.  It  is  out  on  the  line.  I  think  if  the  cost  of  equip- 
ment for  serving  customers  is  analyzed  they  will  find  that  the 
cost  of  equipment  at  the  customers'  end  amoimts  to  a  good  many 
times  the  cost  of  equipment  in  the  generating  station,  and  the 
cost  of  the  equipment  at  the  customer's  premises  is  something 
that  depends  on  the  customer's  demand.  The  diversity  factor 
takes  care  of  that  if  it  goes  back  into  the  system,  and  it  is  true, 
as  pointed  out,  that  the  maximum  demand  of  the  customer  does 
not  affect  the  generating  capacity  to  anything  like  the  same 
extent  that  it  affects  the  apparatus  which  is  placed  at  the  premises 
of  the  customer. 

You  must  remember  in  this  connection  that  the  customers 
are  very  many,  and  that  the  separate  pieces  of  apparatus  to 
serve  them  nm  into  thousands  of  pieces,  and  the  aggregate  cost 
of  these  pieces  in  general  is  considerably  higher  than  the  cost  of 
the  generating  equipment  to  serve  these  customers.  That  con- 
sideration, therefore,  leads  me  to  quite  a  different  conclusion 
than  if  one  is  considering  the  generating  equipment  only. 

Mr.  Hoxie  spoke  of  my  ifiustration  of  the  customer  who 
insisted  on  taking  his  entire  year's  supply  in  a  single  day,  and 
said  that  if  there  were  three  htmdred  and  sixty-five  customers, 
each  of  whom  took  his  load  on  one  day  of  the  year,  that  my 
illustration  would  not  apply,  but  my  illustration  does  apply, 
because  each  of  these  customers  would  have  to  have  equipment 
enough  to  take  care  of  the  whole  output  of  the  generating  station 
during  that  day,  which  wotdd  be  practically  as  much  equipment 
as  there  is  in  the  generating  station,  and  it  wotdd  mean  practically 
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nmltipl3dng  the  equipment  of  the  customer  by  365,  which  \^ould 
certainly  be  a  large  increase  in  the  total  cost  of  power  for  that 
station.    I  cannot  agree  with  Mr.  Hoxie  on  that  point.  ^ 

Mr.  Pratt  asked  concerning  the  diflFerence  in  indication,  for 
instance,  of  a  1000-watt  wattmeter  as  compared  to  that  of  a 
2000-watt  wattmeter.  There  is  no  diflEerence.  It  does  not 
matter  what  the  capacity  is,  a  2000-watt  wattmeter  will  indi- 
cate the  load  as  much  as  a  1000-watt  wattmeter.  There  is  a 
difference,  however,  in  the  indication  of  two  different  times.  If 
we  had  a  30-watt  wattmeter,  and  compared  that  with  the  indica- 
tions of  our  demand  wattmeter,  the  indications  of  these  two 
would  not  necessarily  be  the  same,  and  would  depend  on  the 
character  of  the  load.  If  the  loads  are  the  same,  they  would 
give  the  same  restilts.  If  the  load  had  high  peaks,  the  meter 
with  the  short  time  element  would  give  higher  indications  than 
the  one  with  the  longer  time  element.  That  depends  on  the 
application  of  a  logarithmic  l;|w. 

Mr.  Albright  speaks  of  a  ntmiber  of  tests  made  in  Detroit  of 
this  device,  and  states  that  the  indication  of  the  30-minute 
thermal  demand,  as  compared  with  meters  of  the  same  kind,  and 
as  compared  with  meters  of  a  different  tjrpe,  taken  through  a 
number  of  weeks,  shows  that  the  thermal  meter  gives  a  higher 
demand  in  all  cases,  and  that  is  about  what  one  would  expect, 
and  would  indicate  that  the  particular  load  he  has  it  on  is  not  a 
steady  load,  but  one  with  a  number  of  peaks  in  it.  As  I  recall  it, 
he  applied  it  to  a  machine  shop  load  in  which  the  peaks  are 
rather  marked,  and  it  was  only  to  be  expected  that  the  thermal 
demand  meter  would  give  higher  resxdts  in  the  case  of  such  a 
load  than  the  wattmeter. 

Concerning  the  application  of  a  device  of  this  kind  as  a  motor 
protection,  as  spoken  of  by  Mr.  James  and  Mr.  Atkinson,  that 
is  an  entirely  practical  application,  and  I  look  for  that  applica- 
tion to  be  developed  to  a  considerable  extent  in  the  future. 
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MEASUREMENT    OF    POWER   LOSS   IN   DIELECTRICS 
OF  THREE-CONDUCTOR  HIGH-TENSION  CABLES 


BY   F.    M.    FARMBR 

Abstract  of  Paper 

This  paper  describes  the  method  used  at  the  Electrical  Testing 
Laboratones  for  measuring  the  dielectric  power  losses  in  10-foot 
samples  of  three-conductor  cables  with  three-phase  potential 
applied  to  the  cable.  The  difficulties  encountered  and  the 
methods  employed  to  overcome  them  are  discussed  in  consider- 
able detail.  Typical  results  are  given  in  the  form  of  data  for 
two  specimens  of  cable,  one  having  a  low  power  loss  in  the  dielec- 
tric and  one  having  a  high  power  loss  in  the  dielectric.  The  data 
are  also  presented  in  the  form  of  curves. 

The  discussion  includes: 

(a)  The  theory  of  excessive  internal  dielectric  loss  as  account- 
ing for  cable  failures  at  local  "hot  spots." 

(b)  The  advantages  of  plotting  data  with  logarithmic  scales. 

(c)  A  comparison  of  results  obtained  by  computation  from 
single-phase  measurements  with  those  obtained  by  direct  meas- 
urement with  three-phase  potential. 

The  conclusions  drawn  are : 

(a)  The  power  loss  in  the  dielectric  in  a  three-conductor  cable 
under  actual  three-phase  conditions  can  be  readily  measured 
in  the  laboratory  with  specimens  ten  feet  long. 

(b)  No  special  apparatus  is  necessary  for  such  measurements- 
other  than  a  reflecting  high  sensitivity  wattmeter. 

(c)  Apparently  the  power  loss  in  the  dielectric  cannot  in  all 
cases  be  accuratdy  calculated  from  data  obtained  in  single-phase 
tests  although  it  is  highly  probable  that  for  all  practical  purposes 
the  discrepancy  woiud  not  be  serious.  Further  investigation 
is  necessary,  however,  before  final  conclusions  on  this  point  can 
be  stated. 

(d)  While  the  method  of  determining  power  losses  in  the  dielec- 
tric directly  by  three-phase  measurements  involves  more  compli- 
cation in  preparation  and  slightly  more  time  in  the  actual  meas- 
urements, it  has  the  important  advantage  that  the  results  are 
conclusive  and  not  subject  to  the  uncertainty  which  pertains 
to  results  calculated  from  single-phase  measurements. 


TTHE  carrying  capacity  of  a  cable  is  determined  by  the 
*  temperature  at  which  the  dielectric  strength  becomes 
dangerously  low  or  at  which  deterioration  takes  place  at  an 
abnormal  rate.  If  the  temperature  which  the  materials  in  the 
cable  will  safely  withstand  is  known,  the  carrying  capacity  of 
the  cable  is  fixed  when  the  hottest  part  of  the  cable  reaches  this 
Umiting  temperature. 
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Until  two  or  three  years  ago  the  only  factors  which  had  been 
given  serious  consideration  in  determining  the  temperature  of 
the  cable  were  the  P  R  losses  in  the  conductor  and  the  thermal 
conductivity  of  the  surrounding  media.  In  other  words,  it  was 
assumed  that  the  copper  loss  was  the  only  source  of  heat  that 
need  be  considered  and  that  the  temperature  which  would  be 
reached  would  depend  simply  upon  the  amount  of  heat  thus 
generated  and  the  rate  at  which  this  heat  was  carried  away. 
However,  careful  investigations  of  cable  failures,  for  which  there 
was  no  obvious  explanation,  seemed  to  indicate  that  there  were 
local  hot  spots  which  were  not  due  to  any  outside  cause.  Atten- 
tion was  then  drawn  by  investigators  of  insulation  problems  to 
the  possibility  of  power  losses  in  the  insulation  being  responsible 
for  abnormal  temperature  rises.  Investigations  made  by 
Hochstadter^  Clark  and  Shanklin*,  Bang  and  Louis '  and  others 
indicated  that,  under  operating  conditions  which  could  be 
considered  as  normal,  these  losses  might  become  suflSciently 
high  to  raise  the  temperature  of  the  insulation  to  the  destruc- 
tion point.  The  subject  of  power  loss  in  cables  has  therefore 
been  attracting  much  attention  and  it  is  particxdarly  pertinent 
at  the  present  time  because  of  the  necessity  for  operating 
cables  at  the  maximum  possible  capacity  in  order  to  meet  the 
demand  for  more  power.  Furthermore,  the  amount  of  the 
power  loss  in  dielectrics,  although  small,  may  in  the  aggregate 
be  sufficiently  large  to  justify  consideration  from  the  economic 
standpoint  when  new  installations  are  contemplated  at  the 
present  prices  of  materials  and  labor. 

Object  of  Paper.  The  object  of  this  paper  is  to  describe  the 
methods  used  in  making  tests  at  the  Electrical  Testing  Labora- 
tories for  the  purpose  of  determining  the  power  loss  in  the 
dielectric  of  samples  of  paper-insulated,  lead-covered  cables  10 
feet  long,  the  loss  being  measured  at  various  voltages  and  various 
temperatures.  While  nothing  absolutely  new  or  particularly 
novel  is  presented,  it  is  felt  that  some  detailed  information  in 
regard  to  these  tests  may  be  of  service  to  engineers  who  will  be 
called  upon  to  make  tests  of  this  character. 

1.  M.  Hochstadter— "Twisted  Cable,"  ELectroUchnische  ZeUschrifl, 
November  25th,  1916,  page  617. 

2.  W.  S.  Clark  and  G.  B,  ShsLnkHn— Insulation  Characteristics  of  Hith- 
Voltage  Cables,  Trans.,  A.  I.  E.  E.,  1917,  page  447. 

3.  A.  P.  Bang  and  H.  C.  Louis— "The  Influences  of  Dielectric  Losses  on 
The  Rating  of  High-Tension  Underground  Cables,"  Trans.,  A.  I.  E.  B-t 
1917,  page  431. 
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The  power  loss  in  the  dielectric  of  three-conductor  cables  is 
probably  most  frequently  determined  by  making  single-phase 
measurements  and  then  computing  the  corresponding  three- 
phase  loss  on  the  basis  of  certain  assumptions.  That  is,  the 
power  loss  in  the  dielectric  between  the  conductors  (conductor 
loss)  and  the  loss  between  the  conductors  and  the  sheath  (belt 
loss),  is  measured  with  single-phase  potential  at  the  appropriate 
Y  or  delta  voltage.  The  loss  with  three-phase  potential  is  then 
calctdated  on  the  assumption  that  these  two  losses  are  the  same 
with  three-phase  potential  as  with  single-phase  potential  and 
that  tlieir  sum  is  the  total  loss.  Hochstadter*  pointed  out  the 
possibility  of  this  assumption  being  open  to  question  because 
of  the  complex  nature  of  the  electrical  field  in  the  insulation  be- 
tween the  conductors  when  subjected  to  three-phase  potential. 


Fig.  1 


Referring  to  Fig.  1  which  represents  diagrammatically  a  cross- 
section  of  a  three-conductor  cable,  the  dots  1,  2  and  3  indicate 
the  points  of  contact  between  the  various  conductor  insulations 
oh  lines  connecting  the  centers  of  the  three  conductors.  The 
dot  4  is  the  center  of  the  cable  and  may  in  three-phase  operation, 
be  assumed  to  be  at  ground  potential.  If  delta  potential,  £, 
is  applied  to  the  three  conductors,  a,  b  and  c,  the  potential 
between  different  points  will  be  as  follows: 

Volts  a-4,  i-4,  £:-4         ^ 


Volts  a  -  1,  i  -  1,  a 


V3 

2,  etc.  -  -J 


4.    M.      Hochstadter— "Twisted 
November  25th,  1015,  page  617. 


Cable,"  EleclroUchnische  ZeUschrift, 
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In  other  words,  points  1,  2  and  3  are  not  at  the  same  potential 
and  therefore  there  is  a  tangential  electrical  stress  in  the  instda- 
tion  between  the  conductors  which  does  not  exist  when  making 
single-phase  measurements.  Consequently  a  power  loss  might 
be  anticipated  in  the  dielectric  in  this  part  of  the  cable  insulation 
which  would  not  be  determined  by  such  a  measurement. 

That  the  loss  per  unit  volume  of  insulation  between  conductors 
may  be  actually  higher  than  elsewhere,  is  suggested  by  evidences 
found  by  Clark  and  Shanklin  and  others  in  their  investigations 
of  cable  failures, — that  is,  the  insulation  between  the  conductors 
was  charred  although  the  insulation  between  the  conductors 
and  sheath  was  apparently  uninjured.  As  it  is  well  known  that 
the  power  loss  in  most  insulations  increases  rapidly  with  tem- 
perature, it  seemed  logical  to  suspect  that  the  loss  per  unit 
volume,  and  therefore  the  heat  generated  in  the  insulation  be- 
tween conductors,  had  increased  faster  than  it  could  be  dissi- 
pated, with  the  result  that  the  temperature  rose  to  the  destruc- 
tion point. 

Because  of  the  doubt  which  these  considerations  cast  upon 
the  method  of  determining  the  power  loss  in  the  dielectric  of 
three-conductor  cables  from  single-phase  measurements,  it  was 
considered  advisable  to  measure  the  power  loss  directly  under 
three-phase  conditions.  Incidentally,  however,  single-phase 
measurements  were  also  made,  so  that  some  interesting  com- 
parative data  were  obtained. 

Method  Employed,  The  method  used  in  these  tests  was  the 
simple  three-wattmeter  method  for  measuring  three-phase 
power.  That  is,  the  cable  was  Y-connected,  with  the  sheath  as 
the  neutral,  and  a  wattmeter  was  connected  to  each  phase  in 
turn.  The  algebraic  sum  of  the  three  quantities  thus  obtained 
is,  of  course,  the  total  power  dissipated.  The  high  potential 
which  was  applied  to  the  cable  was  obtained  with  three  15,000- 
volt,  200-watt,  potential  transformers  connected  in  Y.  The 
wattmeter  was  a  reflecting  dynamometer  instrument,  the  ctxrrent 
circuit  being  connected  between  the  grounded  neutral  point 
and  the  high-tension  winding  of  the  transformer  in  the  phase 
being  measured,  while  the  potential  circuit  was  connected  to  the 
low-tension  winding  of  a  step-down  potential  transformer  con- 
nected across  the  same  phase. 

The  actual  measurements  were  not,  however,  accomplished  as 
easily  as  this  description  might  indicate  despite  the  simplicity 
of  the  general  method.     In  the  first  place,  the  power  factor  is 
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as  low  as  four  or  five  per  cent  at  moderate  temperatures.  Con- 
sequently, the  effect  of  inductance  in  the  potential  circuit  of  the 
wattmeter  and  the  phase  angle  in  the  step-down  potential 
transformer  is  very  marked  and  would  produce  serious  errors  if 
not  properly  taken  into  account.  In  the  second  place,  the 
voltages  used  are  so  high  and  the  power  being  measured  so 
very  small  (as  low  as  one  watt)  that  losses  through  paths  in 
parallel  with  the  cable,  that  is  leakage  losses  to  ground  from  the 
test  circuits,  are  likely  to  be  relatively  large  and  great  care 
must  be  taken  to  eliminate  them. 

The  effect  of  the  inductance  in  the  potential  circuit  of  the  watt- 
meter and  the  phase  angle  of  the  potential  transformer  was 
eliminated  by  the  usual  method  of  shunting  a  variable  portion 
of  the  series  resistance  with  a  condenser  as  indicated  in  the 
diagram  in  Pig.  2.     Thus  the  resultant  equivalent  inductance  of 


Current  Coil 

— <nnrb— 


Wattmeter 
Potential  Coil 


x:^b^ 


Stepdown 
Transformer 


Fig.  2 


the  circuit  is  compensated  for  by  the  introduction  of  a  proper 
amount  of  capacitance.  Exact  compensation  can  be  deter- 
mined by  the  following  methods: 

(a)  Measure  the  inductance  of  the  wattmeter  potential  cir- 
cuit and  the  phase  angle  of  the  transformer.  Then  compute 
the  capacitance  and  shunt  resistance  necessary  from  the  rela- 
tion L  =  C  F},  where  L  is  the  equivalent  inductance  of  the 
circuit  in  henrys,  C  the  capacitance  of  the  condenser  in  farads 
and  R  the  shunt  resistance  in  ohms.  This  method  requires  a 
very  careful  measurement  of  the  phase  angle  of  the  transformers, 
a  measurement  which  involves  either  special  apparatus  or 
standardized  transformers. 

(b)  Connect  a  high- voltage  air  condenser  as  the  load  in  place 
of  the  cable  and  adjust  the  resistance  which  is  in  shunt  with  the 
condenser  until  the  wattmeter  shows  no  deflection.      The  accu- 
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racy  of  this  method  depends  upou  the  power  factor  of  the  con- 
denser. Normally  an  air  condenser  may  be  assumed  to  be  a 
perfect  condenser  and  therefore  have  zero  power  factor,  but  at 
high  potentials  the  corona  discharge  from  the  circuits  and  from 
the  condenser  plates  may  introduce  a  power  component  unless 
great  care  is  taken  in  the  construction  and  proper  means  are 
provided  to  eliminate  this  corona  discharge.  However,  when 
done  in  the  careful  manner  employed  by  Shanklin*  it  is  probable 
that  this  method  is  the  best  one  for  adjusting  the  compensation. 
In  the  tests  discussed  in  this  paper,  the  compensation  was 
determined  by  method  (a)  and  checked  by  method  (b),  slightly 
modified.  It  was  not  found  possible,  with  the  only  apparatus 
available  to  eliminate  leakage  entirely  from  the  test  circuits  and 
consequently  the  deflection  of  the  wattmeter  could  not  be 
reduced  to  zero.  The  compensation  was  therefore  so  adjusted 
that  connecting  various  amounts  of  capacitance  to  the  circuit 


Bratan  Lliw<iu«d  CbcwI.  1  Rim*. 

SeidUnt-TntClrciiil. 


Pig.  3 

did  not  change  the  deflection.  Incidentally,  this  capacitance 
was  obtained  by  suspending  from  the  test  circuit  a  number  of 
metal  cans  about  six  inches  in  diameter  and  15  inches  deep, 
which  were  conveniently  at  hand.  Since  the  adjustment  could 
be  made  at  potentials  well  below  the  part  where  corona  dis- 
charges would  take  place  from  these  cans,  it  was  not  necessary 
to  take  special  precautions  on  this  account. 

As  previously  stated,  the  cable  was  tested  by  applying  Y 
voltage  to  the  conductors,  the  lead  sheath  being  connected  to 
the  neutral  and  to  ground.  Obviously,  all  points  of  contact 
with  each  high-tension  circuit  provided  leakage  paths  to  ground 
in  parallel  with  the  insulation  of  that  particular  conductor  of 
the  cable,  so  that  the  power  measured  at  the  terminals  of  the 
high-tension  winding  of  the  transformer  would  include  the 

5.  G.  B.  Shanklin,  ''Compensated  Dynamometer  Watt  meter  Method  of 
Measuring  Dielectric  Energy  Loss,"  General  Electric  Review,  Vol.  10,  page 
842  (1016). 
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power  expended  in  these  leakage  paths.  A  guard  circtiit  was 
therefore  provided  for  each  of  the  three  phases  as  indicated  by 
the  broken  lines  in  Pig.  3  which  shows  diagrammatically  the 
arrangement  for  one  phase.  This  guard  circuit  consisted  of  a 
metallic  connection  between  each  of  the  following: 

(a)  A  piece  of  tin  or  tin-foil  inserted  between  ground  and  each 
insulator  supporting  the  high-tension  circuit,  moderate  insula- 
tion being  provided  between  the  metal  and  ground. 

(b)  A  few  turns  of  fine  bare  copper  wire  around  the  insulation 
of  the  conductor  about  two  or  three  inches  from  the  end  (the 
lead  and  wrapper  insulation  of  the  cable  having  been  cut  back 
several  inches  in  the  usual  manner  to  permit  separation  of  the 
ends  of  the  conductors)  which  served  to  pick  up  any  leakage 
current  over  the  surface  of  the  insulation  between  the  conductor 
and  the  lead. 

(c)  The  iron  cases  of  the  step-up  power  transformer  and  the 
step-down  potential  transformer,  the  transformers  being  insu- 
lated from  ground. 

(d)  The  low-tension  windings  of  the  transformers.  This  is 
necessary  because  it  would  be  possible  for  a  leakage  current  to 
pass  from  the  high-tension  winding  to  the  low-tension  winding 
of  the  transformers  as  well  as  to  the  cases. 

(e)  A  point  between  the  wattmeter  and  the  grounded  end  of  the 
step-up  power  transformer. 

This  guard  circuit  arrangement  theoretically  eliminates  any 
current  from  the  wattmeter  current  circuit  that  does  not  pass 
through  the  insulation  of  the  cable  except,  of  course,  that 
directly  through  the  air  due  to  corona.  In  these  tests,  however, 
the  potentials  were  always  below  the  corona  value. 

As  previously  stated,  it  was  not  found  possible  to  eliminate 
leakage  currents  entirely  but  it  is  probable  that  they  were 
entirely  due  to  insufficient  insulation  between  all  parts  of  the 
guard  circuit,  including  the  circuits  to  which  it  is  connected, 
and  ground.  In  fact,  there  was  a  partial  ground  in  one  phase 
of  the  generator  which  necessitated  connecting  the  low-tension 
side  of  the  power  transformer  to  ground  instead  of  to  the  guard 
circuit.  Consequently  leakage  from  the  high-tension  winding 
to  the  low -tension  winding  of  the  power  transformers  could  not 
be  properly  shunted  by  the  guard  circuit. 

A  special  smooth-core  generator  was  used  in  these  tests  and 
oscillograms  made  under  test  conditions  showed  that  the  wave 
shape  was  substantially  a  sine  curve  under  all  conditions. 
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Suitable  switching  arrangements  were  provided  so  that  the 
cxurent  circuit  of  the  wattmeter  could  be  quickly  shifted  from 
one  phase  to  another  and  a  similar  provision  was  made  for 
ch^ging  the  potential  circuit  from  one  phase  to  another. 
Pig.  4  shows  diagranmiatically  the  circuits  used  in  the  test  and 
the  switching  arrangements  employed. 

Power  Measurements,  The  power  in  each  phase  was  measured 
as  already  indicated,  the  total  power  to  the  test  circuits  and  the 
cable  being  taken  as  the  algebraic  stun  of  these  three  measure- 
ments. The  cable  was  then  disconnected  from  the  high-tension 
leads,  leaving  all  of  the  rest  of  the  test  circuits  exactly  the  same, 


KMCfUIH 
WSULATOHS 


Fig.  4 — Diagram  of  Connections  for  Dielectric  Power  Loss  Meas  ' 

URBMBNTS — ThrEE-GONDUCTOR  CaBLES  WITH  ThrEE-PhASE  POTENTIAL 

and  the  measurements  repeated.  The  latter  gave  the  "leakage" 
loss.  The  difference  between  these  two  quantities  was  taken 
as  the  power  loss  in  the  dielectric  of  the  cable. 

Power  Factor,  The  power  factor  was  obtained  by  measuring 
the  reactive  volt-amperes.  This  measurement  was  made  by 
simply  shifting  the  voltage  circuit  of  the  wattmeter  through  90 
degrees  by  connecting  to  the  proper  delta  voltage  instead  of 
the  Y  voltage. 

Direct-Current  Resistance,  The  resistance  between  the  vari- 
ous combinations  of  conductors  and  lead  sheath  was  measured 
in  the  usual  manner  with  a  sensitive  reflecting  galvanometer  at 
700  to  800  volts. 
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Capacitance  and  Alternating-Current  Resistance.  These  quan- 
tities are  obtained  by  computation  from  the  above  data, — the 
alternating-current  resistance  from  the  power  and  the  capaci- 
tance from  the  reactive  volt-amperes. 

Heating  of  Cable,  The  heating  of  a  section  of  cable  10  feet 
long  to  a  temperature  as  high  as  125  deg.  cent,  uniformly  through- 
out its  length  is  not  the  simple  problem  that  one  might  expect. 
The  first  scheme  considered  appeared  to  be  a  very  simple  solution 
until  it  was  tried.  A  sheet  iron  pipe  about  10  inches  in  diameter 
with  the  cable  suitably  supported  at  its  center  was  constructed 
and  low-voltage  current  circulated  through  the  pipe.  It  was 
expected  that  this  scheme  would  give  uniform  heating,  provide 
convenient  control  of  the  temperatiu-e  and  make  the  determina- 
tion of  the  temperature  of  the  cable  a  relatively  easy  matter 
because  of  the  symmetrical  arrangement  of  heat  source  with 
respect  to  the  cable.  The  first  difficulty  experienced  was  the 
heating  at  the  joints  in  the  pipe  due  to  the  greater  electrical 
resistance  at  these  points.  Also,  there  was  an  excessive  cooling 
at  the  ends.  The  pipe  was  then  wrapped  with  asbestos  and  a 
layer  of  iron  wire  wound  thereon  and  through  this  wire  current 
was  circulated — additional  turns  being  provided  at  the  ends  to 
compensate  for  the  cooling  effect.  This  scheme  was  satisfactory 
insofar  as  obtaining  uniform  temperature  conditions  was  con- 
cerned, but  it  was  found  that  at  the  high  temperatures  too  much 
compound  was  being  lost  from  the  cable  at  the  ends.  It  was 
therefore  evident  that  some  provision  had  to  be  made  to  prevent 
this  loss  of  compound. 

The  iron  pipe  was  abandoned  and  a  simple  oven  was  con- 
structed consisting  of  a  wood  box  lined  with  asbestos  of  such  a 
size  that  the  cable  when  bent  in  the  form  of  a  U  having  about  2.5 
feet  radius  could  be  mounted  in  the  box  in  a  vertical  position. 
The  expansion  of  the  compound  was  taken  care  of  by  soldering  a 
sheet  tin  funnel  to  the  lead  at  each  end  of  the  cable  and  into  this 
funnel  the  compound  could  expand  on  heating  and  flow  back 
again  into  the  cable  on  cooling.  Heat  was  provided  by  large 
incandescent  lamps  so  located  by  experimental  trials  as  to  give 
the  most  imiform  temperature,  two  fans  being  installed  to  assist 
in  attaining  this  condition.  Switches  outside  of  the  box  pro- 
vided control  of  the  amount  of  heat  being  supplied  and  therefore 
of  the  temperature. 

The  temperature  of  the  cable  was  measured  by  seven  thermo- 
couples soldered  to  the  lead  sheath.     No  difficulty  was  found  in 
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getting  these  thennocouples  to  agree  within  3  deg.  cent,  at  a 
temperature  of  100  deg.  cent.  One  of  the  couples  was  connected 
to  a  ctu^re-drawing  instrument  for  the  piupose  of  conveniently 
showing  when  a  cable  had  reached  constant  temperature  with 
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Pig.  6 — Power  Loss  vs.  Temperature  at  Various  Temperatures — 
Cable    A — (Logarithmic    Scale) 

any  given  condition  of  heating.  The  final  test  of  thermal 
equilibrium  was  the  wattmeter  indication,  the  power  loss  in  the 
dielectric,  being  very  sensitive  to  temperature.  Pinal  loss 
measurements  were  not  taken  until  the  wattmeter  indication 
had  been  constant  for  at  least  thirty  minutes. 
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Typical  Data.    While  this  paper  is  primarily  a  discussion  of 
the   method  of  measurement  of  dielectric  losses  in  cables,  it  is 
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-Cable 


thought  that  some  typical  data  which  have  been  obtained  will 
be  of  interest.  Table  I  gives  summaries  of  the  power  loss  in  the 
dielectric  and  power-factor  data  for  two  cables,  one  having  a 
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TABLE  I. 


Cable  A,  Low  Loss 

(a)     Power  loss  in  dieUctric,  waUs  per  fool. 

Temper- 
ature 
Jeg.  cent. 

Kilovolts  between  conductors                                           1 

5 

7.6  • 

10 

12.5 

15 

17.6 

50 

0.02 

0.045 

0.076 

0.125 

0.18 

0.24 

60 

0.035 

0.082 
0^14 

0.14 

0.23 

0.<33 

0.44 

70 

0.058 

0.235 

0  385 

0.55 

0.74 

80 

0.092 

0.215 

0.37 

0.60 

0.83 

1.16 

90 

0.135 

0.32 

0.55 

0.90 

1.25 

1.70 

100 

0.19 

0.45 

0.78 

1.28 

1.80 

2.45 

110 

0.27 

0.63 

1.08 

1.75 

2.50 

3.40 

120 

0.35 

0.84 

1.40 

2.35 

3.30 

4.40 

1                     1                       ■ 
(*)  Average  Three-Phase  Power  Faciot* 

Temperature, 

Power  factor, 

deg.  cent. 

percent 

50 

3.5 

60 

6.6 

70 

10.5 

80 

15. 

00 

21.5 

100 

31. 

110 

41. 

120 

52. 

Cable  B.  High 

Loss 

(a)     Power  loss  in  dielectric,  waits  per  fool. 

Temper- 
ature 
deg.  cent. 

Kilovolts  between  conductors 

5 

7.5 

10 

12.5 

15 

17.5 

50 

0.07 

0.18 

0.30 

0.49 

0.74 

1.06 

60 

0.16 

0.32 

0.58 

0.93 

1.40 

2.00 

70 

0.22 

0.55 

0.98 

1.60 

2.45 

4.45 

80 

0.36 

0.89 

1.60 

2.60 

3.85 

5.55 

90 

0.58 

1.35 

2.40 

3.90 

5.85 

8.35 

100 

0.78 

1.95 

3.50 

5.70 

8.50 

12.3 

110 

1.10 

2.75 

4.95 

8.00 

12.0 

17.2 

120 

1.50 

3.75 

6.65 

10.8 

16.2 

23.2 

'                      1                       I 
(6)  Average  Three-Phase  Power  Factor* 

Temperature,          | 

Power  factor. 

deg.  cent. 

per  cent 

50 

10. 

60 

21. 

70 

32.5 

80 

44. 

** 

90 

55.5 

100 

66. 

110 

72. 

120 

75. 

^Computed  from  ratio  of  total  three-phase  watts  to  total  three-phase  reactive  Tolt- 
amperes,  the  figures  given  being  the  average  for  all  voltages. 
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much  higher  loss  than  the  other.  The  data  as  actually  obtained 
on  samples  10  feet  long  are  shown  graphically  in  Pigs.  5  to  11 
inclusive — the  first  four  being  curves  plotted  with  logarithmic 
scales  and  the  last  three  with  arithmetical  scales.     The  figures 


Pig.  7— Power  Loss  vs. 
Cable 


70  80  90 

TPMPERATURE   DEGREES  C. 
Tbmpbraturb  at  Various  Temperatures — 
B — (Logarithmic     Scale) 


given  in  the  tables  were  taken  from  these  curves  at  fixed  interval 
temperattu*es  in  order  to  make  comparisons  more  convenient. 
It  is  obviously  not  possible  in  tests  of  this  character  to  adjust  the 
temperatures  to  exactly  predetermined  values. 
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Use  of  Logarithmic  Scales.    The  general  relations  of  the  vari- 
ables in  experimental  data  are  quickly  comprehended  when  the 
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data  are  presented  in  the  shape  of  curves  plotted  in  the  usual 
way  with  rectangular  co-ordinates  and  arithmetic  scales.  But 
when  something  more  than  simply  the  general  relation  of  the 
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variables  is  desired,  curves  plotted  with  rectangular  co-ordinates 
and  logarithmic  scales  frequently  liave  many  advantages.  For 
example,  the  curves  plotted  in  Pigs.  5,  6,  7  and  8  show: 

(a)  That  no  serious  error  was  made  because  the  points  fall 
reasonably  close  to  a  form  of  definite  curve  which  is  easily 
drawn,  namely  a  straight  line. 

(b)  That  the  relation  of  two  of  the  variables  is  independent 
of  the  third.  Thus,  in  Figs.  6  and  7,  the  fact  that  the  several 
lines  are  parallel  shows  that  a  given  change  in  temperature  will 
produce  the  same  per  cent  change  in  power  loss  of  the  dielectric 
whether  the  potential  applied  to  the  cable  is  5000  volts  or  20,000 
volts.     Sinwlarly,  Figs.  6  and  8  show  that  a  given  change  in 
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voltage  will  produce  the  same  per  cent  change  in  loss  whether 
the  temperature  is  60  deg.  cent,  or  100  deg.  cent. 

(c)  That  the  curves  being  straight  lines  which  make  an  angle 
with  the  axes,  the  loss  varies  with  some  constant  power  of  the 
voltage  and  temperature  respectively. 

(d)  That,  the  relation  between  the  variables  may  be  ex- 
pressed by  the  equations: 

W  (at  a  given  potential)  =  k  T^  and 

W  (at  a  given  temperature)  =  *  E^  where 

W  =  power  loss  of  dielectric  in  watts,  T  »  temperature  in 
degrees  centigrade,  E  =  potential  in  volts,  »i  and  n.  «  ex- 
ponents and  k  »  constant. 
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The  value  of  the  exponents  is  readily  computed  from  the  rela- 
tions 


log 


«i  = 


'°^^ 


and  n« 


log 

log 

17. 

where  Wi  and  W2  are  the  losses  corresponding  to  temperatures 
Ti  and  T2,  or  to  voltages  £1  and  Et. 

The  exponents  for  cables  A  and  B  referred  to  in  the  preceding 
tables  and  also  for  two  other  cables  are  given  in  the  following 
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PiG»  10 — Average  Watts  vs.  Voltage  (Arithmetical  Scale) 

tabulation.     The  power  loss  in  the  dielectric  per  foot  at  80  deg. 
cent,  and  16,000  volts  is  given  for  purposes  of  comparison. 


Cable 


nt 


f»# 


W 


A 

3.36 

2.07 

0.85 

B 

3.54 

2.34 

3.85 

C 

3.77 

2.01 

1.76 

D 

4.26 

2.16 

2.62 

»i  =  exponent  for  temperature  change,  »«=  exponent  for  volt- 
age change,  PF= power  loss  in  the  dielectric  per  foot  in  watts. 

-Three-Phase  vs.  Single-Phase  Tests.  Single-phase  measure- 
ments were  made  on  a  number  of  specimens  in  addition  to  the 
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three-phase  measurements.     These  single-phase  measurements 
included  the  following,  all  measured  at  Y  voltage: 

(a)  Ru  Ri,  Ri  =  power  loss  in  the  dielectric  between  each 
conductor  and  the  other  two  conductors  connected  to  lead 
sheath,  that  is  referring  to  Pig.  12,  Ri  ^  Wi  +  Wa  +  PTi,  Rt  = 
Wt+Wi  +  W.andRz  «  PF,  +  PF,  +  W.. 

(b)  Ra  =  power  loss  in  the  dielectric  between  all  three  con- 
ductors connected  together  and  the  lead  sheath,  that  is  (Pig.  12) 
R4=  Wi  +  W2+  PT,. 

If  it  is  assumed  that  the  conditions  with  three-phase  potential 
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are  the  same  as  in  these  single-phase  tests,  a  value  for  three-phase 
loss  can  be  computed  from  the  relation 


W  (total  watts) 


3  {Rx  +  ie«  +  Rt)  -  Ra 
2 


The  three-phase  loss  corresponding  to  single-phase  conditions 
has  been  calculated  on  this  basis  for  a  number  of  cables  and  the 
ratio  of  the  measured  three-phase  loss  to  computed  loss  is  given 
in  Table  II. 

These  figures  do  not  appear  to  settle  definitely  the  question  of 
the  relation  of  measured  and  calculated  losses.  But  if  it  is  as- 
that  the  variations  or  apparent  inconsistencies  have  no 
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significance  and  that  all  of  the  figures  for  a  given  cable  can  be 
averaged,  the  results  in  the  order  of  the  cable  designations  are 
1.016,  0.968,  1.010  and  0.967  respectively.  It  is  questionable, 
however,  if  the  variations  are  merely  accidental  because  the 
data  for  the  calculations  were  taken  from  straight  line  curves 
plotted  on  logarithmic  paper.  Furthermore,  in  some  cases  there 
seems  to  be  a  more  or  less  definite  change  in  the  ratio  with  voltage 
especially  in  the  case  of  cable  D, 

The  most  significant  thing  shown  by  these  figures  is  that  the 
measured  value  is  very  frequently  considerably  lower  than  the 
calculated  value.  If  the  figures  are  reliable,  this  indicates  that 
the  theory  of  a  greater  power  loss  in  the  dielectric  between 
conductors  with  three-phase  potential  is  not  substantiated.  In 
any  case  it  is  clear  that  this  question  should  be  investigated 


Fig.  12 

further  although  it  is  probable  that,  for,  all  practical  purposes, 
the  power  loss  may  be  determined  from  two  single-phase  measure- 
ments without  serious  error. 

Application  o}  Data.  The  value  of  tests  of  this  character  may 
be  largely  relative  because  the  results  do  not  necessarily  apply 
to  operating  conditions.  In  these  tests  the  cable  was  at  a  uni- 
form temperature  throughout,  while  under  operating  conditions 
the  temperature  of  the  dielectric  varies  from  a  maximum  at  the 
conductor  to  a  minimum  at  the  lead  sheath,  so  that  the  power 
loss  per  unit  volume  of  insulation  is  higher  near  the  conductor 
than  it  is  next  to  the  lead.  However,  Bang  and  Louis*  found  this 
gradient  to  be  very  small  (lead  temperature  86  deg.,  copper  tem- 
perature 89  deg.)  under  conditions  closely  duplicating  those  in 

6.  loc.  dt. 
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service.  Of  course  if  the  temperature  gradient  is  as  small  as 
these  figures  indicate,  then  it  may  be  assumed  without  serious 
error  that  the  entire  cable  is  at  the  temperature  of  the  lead  and 
if  this  temperature  can  be  measured,  the  total  losses  in  the  insula- 
tion can  be  computed  if  a  laboratory  test  of  a  sample  of  the  cable 


TABLE  II— RATIO  OP  MEASURED  TO  CALCULATED  THREE-PHASE  POWER 
LOSS  IN  DIELECTRIC 


Potential 

deg.  cent. 

between 

oottducton. 
kilovoltt 

60 

76 

100 

120 

Cablb  a 

6.0 

0.79 

1.03 

.... 

7.6 

1.07 

1.02 

.... 

10.0 

0.91 

.  • .« 

1.03 

. .  •  • 

12.6 

1.16 

.... 

1.02 

.... 

16.0 

1.11 

.... 

0.96 

.... 

17.5 

1.11 

Cablb  B 

0.98 

.... 

6.0 

1.26 

0.86 

0.91 

0.79 

7.6 

1.11 

0.80 

0.81 

0.93 

10.0 

1.12 

0.87 

0.88 

0.92 

12.6 

1.13 

0.88 

0.89 

0.99 

16.0 

1.18 

1.02 

0.90 

0.98 

17.6 

1  11 

0.93 
Cablb  C 

0.97 

1.03 

5.0 

1.05 

1.06 

0.96 

7.6 

0^96 

0.94 

1.03 

1.02 

10.0 

1.03 

1.00 

1.09 

0.95 

12.5 

0.91 

0.93 

1.04 

0.96 

15.0 

1.07 

1.10 

1.11 

1.00 

17.6 

•  •  ■  • 

Cablb  D 

•  •  •  • 

.... 

6.0 

0.66 

0.78 

0.89 

.... 

7.5 

0.88 

0.85 

0.82 

.... 

10.0 

0.98 

0.89 

1.02 

.... 

12.6 

1.04 

0.97 

0.97 

16.0 

1.08 

1.02 

1.03 

.... 

17.6 

1.19 

1.15 

1.18 



has  been  made.  However,  this  question  of  what  are  the  actual 
temperature  conditions  in  practise  is  very  important  and  in 
order  to  get  data  under  conditions  approximating  working  condi- 
tions, tests  are  now  being  made  with  a  length  of  cable  20  feet  long 
installed  in  a  concrete  conduit  in  the  laboratory.     The  dielectric 
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power  losses  will  be  measured  from  time  to  time  while  the  cable 
is  canying  its  rated  current  and  rated  voltage  until  constant 
thermal  conditions  have  been  reached.  Incidentally,  various 
temperatures  will  be  measured  including  the  copper  by  increase 
in  resistance,  and  the  lead  by  thermocouples.  It  is  hoped  that 
th«se  data  together  with  those  already  obtained  for  the  same 
sample  under  other  conditions  will  allow  operation  of  the  in- 
stalled cable,  which  this  sample  represents,  at  maximum  canying 
capacity  without  danger  of  failtu'es  due  to  hot  spots. 

Conclusions 
The  following  conclusions  may  be  deduced  from  the  preceding 
discussion: 

(a)  The  power  loss  in  the  dielectric  of  a  three-conductor  cable 
under  actual  three-phase  conditions  can  be  readily  measured  in 
the  laboratory  with  specimens  ten  feet  long. 

(b)  No  special  apparatus  is  necessary  for  such  measurements 
other  than  a  reflecting  high-sensitivity  wattmeter. 

(c)  Apparently  the  power  loss  in  the  dielectric  cannot  in  all 
cases  be  accurately  calculated  fit>m  data  obtained  in  single-phase 
tests  although  it  is  highly  probable  that  for  all  practical  purposes, 
the  discrepancy  would  not  be  serious.  Fiuther  investigation  is 
necessary,  however,  before  final  conclusions  on  this  point  can  be 
stated. 

(d)  While  the  method  of  determining  power  losses  in  the  di- 
electric directly  by  three-phase  measurements  involves  more  com- 
plication in  preparation  and  slightly  more  time  in  the  actual 
measurements,  it  has  the  important  advantage  that  the  residts 
are  conclusive  and  not  subject  to  the  uncertainty  which  pertains 
to  results  calculated  from  single-phase  meastu'ements. 

These  measurements  have  been  successfully  made  up  to  poten- 
tials corresponding  to  30,000  volts  between  conductors.  At 
higher  voltages  it  is  probable  that  corona  losses  from  the  test 
circuits  would  soon  begin  to  give  trouble  so  that  a  guard  circuit 
to  take  care  of  losses  through  the  air  in  addition  to  those  directly 
to  ground  would  have  to  be  provided. 

The  precision  obtained  in  these  measurements  was  probably 
not  very  high,  perhaps  not  over  five  per  cent  but  this  was  quite 
sufficient  for  the  purpose  in  mind  at  the  time,  which  was  pri- 
marily to  determine  the  approximate  power  loss  in  the  dielectric 
of  the  samples  at  various  temperatures.  The  other  data  obtained 
were  incidental.     It  is  believed,   however,   after  considerable 
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exp>erience  with  this  method,  that  by  taking  particular  care  in  the 
construction  and  arrangement  of  the  apparatus,  all  of  the  im*> 
portant  dielectric  data  of  a  cable  can  be  obtained  with  a  rela- 
tively high  order  of  precision. 

Much  of  the  material  in  this  paper  was  obtained  in  connection 
with  a  series  of  tests  made  for  Mr.  W.  H.  Cole,  Supt.  of  Street 
Engineering,  Edison  Electric  Illiuninating  Company  of  Boston, 
and  the  author  wishes,  in  closing,  to  express  his  particular  appre- 
ciation of  Mr.  Cole's  coiutesy  in  permitting  the  use  of  a  portion 
of  the  information  and  data  obtained  in  that  investigation. 
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Discussion  on  "Measurement  op  Power  Losses  in  Di- 
electrics OP  Three-Conductor  High-Tension  Cables" 
(Farmer),  New  York,  February  15,  1918. 

Henry  W.  Fisher:  At  the  top  of  the  second  page  Mr. 
Fanner  says:  "Until  two  or  three  years  ago  the  only  factors 
which  had  been  given  serious  consideration  in  determining  the 
temperature  of  cables  were  the  P  R  losses  in  the  conductor  and 
the  thermal  conductivity  of  the  surrounding  media."  I  think 
I  will  have  to  differ  with  Mr.  Farmer  in  that  respect,  because 
as  far  back  as  the  year  1907  I  commenced  investigations  along 
this  line,  and  at  that  time  there  had  been  papers  written  abroad 
on  the  same  subject,  and  as  a  result  of  these  investigations,  in 
our  manufacture  we  did  take  into  account  the  dielectric  losses, 
and  undoubtedly  other  manufacturers  have  done  so,  too.  For 
years  back  we  have  taken  into  account  the  heat  due  to  dielectric 
loss  as  well  as  P  R  loss  when  figuring  the  carrying  capacity 
of  high-voltage  cables. 

As  a  result  of  these  experiments  with  saturated  paper,  cables 
were  constructed  in  which  petroleum  products  were  used  in 
large  proportions.  Such  cables  were  made  as  early  as  1910, 
and  some  of  these  cables  had  very  low  dielectric  loss. 

About  that  time,  it  was  found  that  some  of  the  yellow  var- 
nished cambrics  had  very  high  dielectric  loss.  Some  had  a 
power  factor  as  high  as  20  per  cent  at  ordinary  temperatures. 
That  meant  an  investigation  leading  to  an  improvement  in 
the  quality  of  varnished  cambric.  The  above  explanation  will 
show  that  years  ago  the  dielectric  properties  of  cables  were 
greatly  improved  by  the  use  of  a  mineral-base  compound, 
although  this  subject  has  come  prominently  before  the  Institute 
only  within  the  last  year  or  so. 

R.  W.  Atkinson:  The  method  used  by  Mr.  Farmer  is  very 
similar  to  one  of  the  methods  we  have  used  in  our  laboratory, 
and  it  is  very  fortunate  for  those  who  may  be  interested  in  mak- 
ing these  measurements  to  have  the  data  at  hand.  There  is 
one  thing  that  a  person  should  be  cautioned  against,  and  that 
is,  that  not  all  of  the  precautions  necessary  in  that  sort  of  work 
can  be  described  in  a  short  paper.  There  is  one  small  feature 
of  that  kind  that  undoubtedly  was  taken  care  of  in  Mr.  Farmer's 
measurements,  but  it  might  easily  lead  to  serious  error  if  it 
were  forgotten.  The  Ayrton  shunt  used  in  connection  with 
the  current  coil  of  the  wattmeter  makes  an  exceedingly  useful 
device.  It  gives  a  wide  range  for  the  instrument,  and  properly 
used  it  is  entirely  satisfactory.  If,  however,  the  coil  of  the  watt- 
meter has  too  much  inductance,  or  the  Ayrton  shunt  is  in- 
ductive (if  these  are  of  small  magnitude,  compensation  may  be 
made),  serious  power  factor  errors  will  result. 

One  difference,  not  at  all  fundamental,  in  the  measurements, 
as  we  have  them  made,  as  compared  with  Mr.  Farmer's  meas- 
urements, is  that  we  have  found  it  most  convenient  to  use  a 
high  non-inductive  resistance  right  across  the  line  in  the  same 


Digitized  by  VjOOQIC 


19181  DISCUSSION  AT  NEW  YORK  243 

place  he  tised-  his  potential  transformers.  Each  method  has 
its  own  advantages  and  disadvantages.  One  disadvantage 
of  the  high  resistance  method  is  the  amount  of  power  that  is 
taken  and  the  fact  that  a  large  transformer  is  needed.  If  the 
transformer  is  available,  however — I  mean  if  the  transformer 
furnishing  the  power  for  the  test  is  large  enough — ^the  method 
becomes  very  satisfactory.  Phase  errors  of  the  resistance,  which 
may  not  be  absolutely  non-inductive,  can  be  taken  care  of  in 
the  same  way  that  the  transformer  errors  can  be  taken  care  of, 
and  will  be  so  small — at  least  we  have  found  them  so — that  they 
can  be  easily  taken  into  accoimt. 

In  regard  to  logarithmic  paper — ^we  have  used  paper  which 
is  logarithmic  in  one  direction  and  arithmetical  in  another 
direction,  and  plot  the  temperature  in  the  arithmetical  di- 
rection. If  you  wanted  to  plot  the  temperature  of  zero  degrees 
on  the  logarithmic  scale,  you  would  be  pretty  far  off  at  the 
left  hand,  and  besides  that  if  even  on  these  particular  cables 
a  little  lower  temperature  had  been  reached,  the  departure 
from  a  straight  line  would  have  been  very  material,  but  in  the 
case  of  other  cable  samples,  it  will  be  found  that  the  straight 
line,  using  the  logarithmic  or  semi-logarithmic  paper,  straightens 
out  the  curve  in  every  case  and  is  very  useful  for  the  reasons 
suggested. 

In  *  the  three-phase  measurements  and  three-phase  losses, 
as  calculated  from  single-phase  measurements  in  Table  II, 
I  noticed  in  the  first  coltmin  that  the  values  alternate,  low, 
high;  low,  high;  low.  The  author  tells  us  these  were  taken 
from  straight  line  curves.  I  wonder  why  they  came  out  just 
as  they  did.  We  have  ourselves  found  power  factors  in  the 
case  of  the  three-phase  measurements  lower  than  the  single- 
phase.  The  particular  conditions  where  the  three-phase  power 
factors  as  measured  are  absolutely  different  from  those  calcu- 
lated from  single-phase  measurements,  are  where  the  power 
factor  or  capacity  changes  with  the  voltage.  If  there  is  a  ma- 
terial change  in  either  capacity  or  power  factor  with  voltage, 
then  no  simple  theoretical  way  of  calculating  three-phase 
measurements  exists.  The  fundamental  assumption  in  deriving 
the  formula  for  the  calculation  falls  down  when  the  power 
factor  or  the  capacity  changes  with  voltage.  To  illustrate 
how  far  off  we  may  get  in  the  case  of  the  single-phase  calcula- 
tion, the  calculation  from  single-phase  measurements  may  give 
a  negative  loss  three-phase,  when  the  loss  is  actually  very  large. 
We  have  found  an  empirical  method  which  gives  good  results. 

C.  W.  Davis:  I  would  like  to  emphasize  particularly  the 
point  Mr.  Fisher  made  that  dielectric  loss  tests,  particularly 
on  cables,  are  not  new.  There  has  been  a  tremendous  amount 
of  work  done  along  this  line  for  years,  and  its  importance  has 
been  well  understood  by  some  cable  maniifacturers,  at  least 
both  here  and  abroad,  although  I  happen  to  know  of  many 
cases  where  attempts  have  been  made  to  give  information  on 
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dielectric  losses  to  prospective  cable  buyers,  that  it  has  been 
looked  on  as  more  or  less  superfluous  and  decidedly  academic. 

I  think  it  is  rather  more  nearly  in  accord  with  the  facts  to 
say  that  it  is  only  in  recent  years  that  people  have  begun  to 
realize  that  a  few,  if  not  all,  cable  engineers  have  been  working 
along  the  right  lines,  and  have  been  talking  about  things  that 
have  real  significance.  Around  about  1900  some  work  along 
this  line  was  done  abroad.  A  little  later,  Monash  published 
his  very  important  contribution  to  this  subject,  and  Fisher, 
in  19ft7  in  the  A.  I.  E.  E.  Transactions  gave  the  results  of  some 
of  his  work  on  cables  and  wires.  These  tests  were  called  power 
factor  tests,  and  not  energy  loss  tests,  but  the  terms  are  practi- 
cally interchangeable. 

Later  on  a  tremendous  amount  of  work  was  done  abroad, 
partictilarly  in  Germany,  as  well  as  in  this  country,  and  there 
have  been  many  excellent  papers  on  dielectric  loss  measure- 
ments on  cables  and  condensers  in  the  foreign  and  domestic 
technical  press  and  in  the  bulletins  of  the  U.  S.  Bureau  of 
Standards.  Perhaps  the  best  bibliography  on  the  subject 
up  to  1912  was  included  as  an  appendix  to  a  paper  presented 
to  the  British  Institute  of  Electrical  Engineers  by  Mr.  E.  H. 
Payner,  in  1912. 

Mr.  C.  E.  Skinner,  some  years  ago  made  use  of  a  high-voltage 
electrometer  for  dielectric  loss  measurements,  and  while  I  do 
not  recall  that  he  published  any  results  of  dielectric  loss  meas- 
urements in  cables,  his  instrtmients  were  entirely  suitable  for 
the  work;  and  a  similar  instnmient  and  a  slightly  modified 
method  were  used  by  Mr.  Rayner  for  his  work. 

It  is  not  desirable  to  limit  the  methods  of  test,  the  main  thing 
is  to  get  results.  We  have  used  bridge  methods,  the  dynamo- 
meter methods,  and  the  electrometer  methods,  and  have  been 
measuring  dielectric  loss  at  high  voltage  as  well  as  low  voltage 
since  1907. 

For  five  years  we  have  used  an  electrometer  like  the  one 
described  by  Mr.  Rayner  and  Mr.  Skinner.  We  have  had 
four  different  instruments  working  at  different  voltages  and 
working  satisfactorily.  They  are  exceedingly  simple  to  work 
when  you  know  how  to  work  them,  but  exceedingly  difficult 
when  you  do  not  know. 

The  fact  that  entirely  satisfactory  results  can  be  obtained 
on  apparatus  of  such  diverse  nature  is  sufficient  evidence  in 
itself  that  we  should  not  be  limited  in  the  methods  of  meas- 
urement. In  the  electrometer,  in  particular,  you  have  an  ex- 
ceedingly sensitive  piece  of  apparatus,  and  while  instruments 
of  the  sensitivity  we  have  used  are  doubtless  not  necessary 
for  regular  cable  measurements,  it  is  of  interest  to  know  that 
instruments  of  such  sensitivity  as  will  readily  measure  the 
losses  at  from  2  kv.  to  20  kv.  in  condensers  and  cable  specimens 
ranging  from  about  0.0006  to  0.001  microfarads  have  been 
used  daily  by  us  for  years  with  entirely  satisfactory  results. 
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Cable  specimens  24  in.  (60.9  cm.)  in  length  and  of  such  small 
capacity  obviously  present  considerable  difficulties  in  the  way 
of  accurate  measurements,  greater  difficulties  than  are  met 
with  in  measuring  cable  lengths  of  ten  or  more  feet. 

The  air  condenser,  as  a  method  of  checking,  is  a  very  useful 
one.  We  have  used  air  condensers  for  checking  purposes  for 
about  four  years.  Our  first  air  condensers  were  a  series  or 
battery  of  concentric  vertical  tubes  with  guarded  ends.  These 
were  very  satisfactory,  except  that  they  took  up  much  room. 
About  three  years  ago  we  built  plate  air  condensers,  nauch 
like  those  recently  described  in  the  paper  of  Shanklin  and  Clark, 
and  these  have  been  constantly  used  for  checking  since  that 
time.  Some  of  our  methods  are  counter-checked  from  out- 
side sources.  The  Westinghouse  Company  on  several  occasions 
measured  high-voltage  condensers  for  us  by  still  different 
methods  in  order  that  we  might  have  another  check  upon  our 
results. 

D.   DuBois:     Mr.  Farmer  makes  reference  to  a  paper  by 
Hochstadter  in  which  the  electrical  stresses  in  the  center  of 
a  cable  are  studied.    Hochstadter  goes  further  than  Mr.  Farmer 
and  states  that  the  stresses  between  points 
1,  2  and  3  in  Fig.  1  are  87  per  cent  of  the 
voltage  between  conductors.  This  calculation 
as  Mr.  Farmer  states  is  based  on  the  assump- 
tion that  point  4,  in  the  center  of  the  cable, 
can  be  considered  fixed  at  ground  potential. 
I  do  not  believe  that  this  assumption  is  correct 
nor  do  I  believe  that   such   high  electrical 
stresses  are  at  any  time  found  between  the 
Fig  1.  points  in  question.    In  a  three-phase  cable 

there  is  always  a  neutral  plane  passing  through 
the  cable  and  this  plane  rotates  with  the  phase  rotation.  As 
it  rotates  it  bends  and  straightens  and  at  certain  times  passes 
through  the  center  point  but  at  other  times  it  moves  away 
towards  those  conductors  of  lower  potential. 

This  shifting  of  the  neutral  plane  greatly  modifies  the  inter- 
nal stresses  and  it  is  therefore  not  surprising  to  see  by  the 
Table  II  that  their  effect  in  increasing  the  losses  is  not  of  great 
importance. 

The  fact  that  cables  have  been  found  with  their  central 
cores  badly  charred  and  the  other  insulation  unbumed  has 
been  explained  as  due  to  these  central  stresses  but  such  charring 
can  be  explained  very  simply. 

Any  cable,  no  matter  how  good  the  insulation,  if  hot  enough 
will  be  btimed  out  by  dielectric  losses.  Mr.  Farmer  jshows 
that  the  losses  vary  with  about  the  4th  power  of  the  tempera- 
ture and  therefore  a  few  degrees  difference  in  temperature 
make  a  great  difference  in  the  losses.  Any  cable  carrying 
current  is  hotter  in  the  center  than  at  any  other  place.  It  follows 
that  the  center  iff  the  first  place  to  reach  the  condition  where 
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heat  production  exceeds  heat  loss.  When  that  condition  is 
reached  there  is  a  great  increase  of  heat  production  and  a  great 
increase  of  temperature  in  the  center  of  the  cable.  It  there- 
fore follows  that  any  cable  failing  through  dielectric  loss  will 
first  bum  at  the  center. 

In  cables  where  dielectric  loss  is  high  it  is  difficult  to  make 
tests  without  the  dielectric  becoming  heated  during  the  tests 
and  in  three-phase  tests  a  cable  would  become  slightly  hotter 
in  the  center.  This  would  cause  a  greater  loss  in  the  center, 
which  might  erroneously  be  considered  as  due  to  excessive 
voltage  strains  in  the  center.  It  may  be  that  in  the  Table  II 
the  definite  ratio  change  in  the  case  of  cable  D  could  be  accoimted 
for  by  internal  heating  at  the  higher  voltages  during  the  three- 
phase  tests. 

G.  B.  Shanklin:  We  are  glad  to  see  that  Mr.  Farmer  has 
developed  a  method  of  correcting  for  phase-angle  errors  by 
calculation  and  individual  measurement  of  the  different  in- 
ductances. We  have  never  actually  tried  this  method  in  our 
laboratory,  looking  at  it  in  the  light  of  a  correction  from  the 
short  end  of  a  very  long  lever.  An  air  condenser  that  auto- 
matically takes  care  of  the  combined  errors  such  as  inductance 
angles,  corona  and  line  leakage  has  proved  very  satisfactory. 
Mr.  Farmer's  limit  of  30  kv.  above  which  line  corona  becomes 
a  serious  factor,  is  fully  verified  by  our  own  experience. 

In  regard  to  the  method  of  working  up  and  analyzing  dielec- 
tric energy  loss  data — Plotting  the  values  on  logarithmic  paper 
and  drawing  an  average  straight  line  through  them  does  not 
give  results  of  great  analytical  value.  For  quantitative  or 
empirical  purposes  this  method  does  very  well  but  the  results 
have  no  physical  significance.  We  did  not  begin  to  make  real 
progress  in  stud)dng  dielectric  energy  loss  until  we  reduced 
watts  and  current  to  the  more  fundamental  values,  capacity 
and  resistivity  per  unit  length  or  per  unit  volume.  These  fund- 
amentals clearly  bring  out  characteristics  that  would  be  other- 
wise entirely  overlooked. 

We  have. wanted  for  some  time  to  get  an  accurate  compar- 
ison between  three-phase  loss  calculated  from  single-phase 
readings  and  measured  three-phase  loss,  and  regret  that  Mr. 
Farmer  did  not  cover  this  more  in  detail.  It  is  possible  to  get 
a  much  higher  degree  of  accuracy  with  single-phase  meas- 
urements than  with  three-phase  and  we  have  always  felt 
that  this  more  than  compensates  for  any  slight  discrepancy 
between  calculated  and  actual  three-phase  values. 

There  should  not  be  any  great  difference  between  the  calcu- 
lated apd  actual  three-phase  loss  in  good  grade  cable.  This 
difference  is  due  to  the  excess  introduced  by  higher  tangential 
stresses  in  the  central  triangle  of  the  cross  sections  when  three- 
phase  voltage  is  applied.  Surface  leakage  caused  by  tangen- 
tial stresses  is  negligible  in  good  grade  insulation.  It  is  only 
in  poor  grade  material  that  it  is  appreciable.      The  poorer  the 
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cable,  then,  the  greater  the  diflference  should  be  between  meas- 
ured and  calculated  three-phase  losses. 

I  believe  that  every  one  feels  that  the  time  has  come  when 
all  cable  specifications  should  contsun  a  clause  limiting  the 
dielectric  energy  loss  to  some  specified  value.  The  Transmission 
Committee  of  the  Institute  has  been  working  towards  this  end 
for  some  time  and  in  the  desire  to  be  of  help  to  them  I  have 
given  the  question  considerable  thought. 

Our  experience  is  that  any  impregnated  paper  cable  having 
a  power  factor  higher  than  35  or  40  per  cent  at  100  deg.  cent, 
will  not  withstand  reasonably  severe  operating  conditions. 
This  is  a  simple  rule  to  follow  and  one  not  at  all  diffictilt  of 
attainment.  The  power  factors  and  losses  are  high  enough  at 
100  deg.  cent,  to  largely  eliminate  those  errors  that  prove  such 
serious  factors  at  lower  temperattu-es.  Unless  some  such  simple 
clause  as  this  is  adopted  I  do  not  believe  energy  loss  specifica- 
tions would  prove  much  of  a  success,  for  energy  loss  measure- 
ments require  more  time,  care,  patience  and  money  than  is 
generally  available  as  a  conmiercial  proposition. 

John  L.  Harper  (Read  by  Mr.  J  A.  Johnson):  So  far  as 
I  am  aware,  the  method  of  test  proposed  and  carried  out  by 
Mr.  Farmer  is  the  only  such  test  made  by  parties  not  interested 
in  some  particular  manufacturer  or  some  partictilar  customer, 
and  Mr.  Farmer's  laboratory  is  now  the  only  independent  labor- 
atory equipped  for  this  form  of  work  which  is  impartially  open 
to  both  manufacttu-ers  and  purchasers  for  determining  compara- 
tive dielectric  characteristics  of  cable. 

I  have  recently  divided  up  an  order  for  cable  between  five 
of  the  large  manufactiu-ers  of  this  material,  and  propose  to  have 
samples  fiom  each  of  these  manufacturers  tested  by  an  inde- 
pendent laboratory  for  the  purpose  of  determining  a  compar- 
ison between  the  different  makes  of  cable.  In  case  this  inde- 
pendent test  were  made  in  Mr.  Farmer's  laboratory,  the  con- 
dition may  possibly  arise  where  a  manufacturer  would  con- 
sider that  the  form  of  test  used  by  Mr.  Farmer  did  not  give 
true  results.  With  this  probability  in  view,  the  writer  hopes 
that  representatives  of  the  manufacturers  may  break  through 
the  protective  crust  with  which  they  have  surrounded  the  ac- 
complishments of  their  respective  plants  in  regard  to  dielectric 
conditions  and  enter  into  a  free  discussion  upon  the  merits  of 
the  form  of  test  proposed  by  Mr.  Farmer. 

The  problem  of  the  purchaser  and  user  of  cables  is  to  make 
a  cable  carry  the  greatest  amount  of  power  possible  with  the 
least  loss  and  the  greatest  safety  from  interruptions.  The 
two  major  forms  of  loss  in  a  cable  may  be  put  under  the  heads 
of  "Copper  Losses"  and  "Dielectric  Losses**,  the  copper  losses 
being  but  to  a  slight  extent  under  the  control  of  the  manu- 
facttu'er  while  the  dielectric  losses  are  to  a  greater  extent  under 
his  control.  If  it  were  true  that  a  manufactiu-er  could  produce 
a  cable  which  would  operate  with  practically  no  dielectric  losses. 
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this  cable  might,  and  probably  would,  be  an  entirely  tiseless 
thing  for  the  transmission  of  power,  as,  in  choosing  an  insula- 
tion for  the  elimination  of  dielectric  losses,  some  form  of  in- 
sulation might  be  used  that  would  produce  an  impracticable 
and  useless  cable  from  other  standpoints;  therefore,  it  is  the 
desire  of  purchasers  of  cables  to  know  how  far  the  manufacttirers 
can  go  in  the  elimination  of  dielectric  losses  and  at  the  same 
time  produce  a  cable  satisfactory  as  to  cost,  safety  and  con- 
tinuity of  operation. 

Having  arrived  at  this  point,  it  then  devolves  upon  the  user 
to  so  install  and  operate  his  cables  that  the  best  results  may 
be  obtained. 

If,  by  uniform  test,  it  is  established  that  a  decrease  in  the 
operating  temperattire  of  a  cable  produces  a  smaller  dielectric 
loss,  the  user  should  either  keep  his  loads  below  the  amount 
producing  high  or  dangerous  temperatures  or  should  remove 
the  heat  formed  in  the  cables  by  artificial  means,  thus  allowing 
a  much  greater  transmission  of  power  over  them  than  would 
otherwise  be  possible. 

That  the  user  can  greatly  increase  the  capacity  of  cables  by 
the  removal  of  heat  and  the  consequent  decrease  of  the  dielec- 
tric losses,  is  illustrated  by  an  incident  in  the  writer's  exper- 
ience. During  the  hot  season  of  1916,  a  certain  conduit  was 
operated  with  1,977,000  cir.  mils  per  leg  but  would  carry  no 
more  than  22,000  kw.  without  burnouts  from  overheating, 
while  this  same  conduit,  with  the  copper  increased  to  2,627.000 
cir.  mils,  carried  42,000  kw.  without  any  burnouts  from  over- 
heating, the  temperature  being  kept  down  by  either  submerg- 
ing or  spraying  the  cables  with  water.  Thus,  with  the  conduit 
system  increased  33  per  cent  in  copper,  the  load  was  increased 
86  per  cent,  and  without  any  burnouts  at  all  from  overheating 
the  cables. 

It  is  my  sincere  hope  that  the  presentation  and  discussion 
of  the  method  of  test  proposed  by  Mr.  Farmer  may  result  in 
the  Institute  adopting  and  incorporating  in  its  Standardi- 
zation Rules  some  uniform  method  of  test  for  dielectric  losses 
which  could  reasonably  be  used  by  all  manufacturing  companies, 
and  which,  although  it  might  lack  entire  perfection  for  the 
absolute  determination  of  dielectric  losses,  would  still  be  suffi- 
ciently correct  for  their  determination  within  conunercial 
requirements. 

This  would  leave  the  manufacturing  companies  free  to  adopt 
such  additional  forms  of  test  as  they  might  wish  for  their  own 
investigation  and  research,  and  would,  at  the  same  time, 
give  protection  to  manufacturers  accomplishing  the  best  results 
when  in  competition  with  a  poorer  product  tested  by  a  different 
method  which  might  indicate  characteristics  better  than  those 
which  would  have  been  shown  by  the  standard  method. 

W.  H.  Cole:  I  am  principally  interested  in  the  correct 
interpretation  of  the  results  of  the  tests  made  under  Mr.  Farmer's 
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supervision,  and  what  they  mean  to.  an  operating  company. 
About  seventeen  samples  were  included  in  the  work  done  for 
the  Boston  Company  dming  the  past  year.  As  a  rule  not  less 
than  two  specimens  were  taken  from  each  manufacturer's 
product.  Practically  all  the  specimens  were  picked  out  of  our 
own  stock  and,  therefore,  are  representative  conMnercial  samples. 

As  to  the  carrying  capacity  of  a  three-phase  cable,  there 
seems  to  be  differences  of  opinion  with  reference  to  the  existence 
of  so-called  tangential  pressures  and  equalizing  currents  in  the 
dielectric,  but  if  there  is  anything  in  the  theory  that  there  are 
equalizing  currents  resulting  from  tangential  pressures,  the 
carrying  capacity  of  a  cable  may  be  limited  by  the  temperature 
at  which  the  distribution  of  voltage  stresses  in  the  dielectric, 
become  so  altered  from  that  obtaining  at  a  lower  temperatiu'e, 
as  to  materially  over-stress  certain  parts  of  the  dielectric.  It 
is  possible  that  this  critical  temperatiu-e  in  the  usual  type  of 
three-phase  cable  construction,  may  be  substantisJly  lower 
than  the  governing  temperature  for  actual  and  permanent  deter- 
ioration of  the  insulating  material. 

While  the  correct  interpretation  of  the  restilts  heretofore 
obtained  in  dielectric  loss  tests  is  of  great  importance,  more 
elaborate  investigation  is  necessary  to  determine  at  what  temper- 
ature a  given  tjrpe  of  cable  construction  may  be  operated  before 
any  localized  acceleration  of  dielectric  heating  takes  place, 
the  effects  of  which  are  now  recognized  by  many  cable  engineers. 
I  refer  to  the  cumulative  heating  of  the  center  of  a  three-phase 
cable,  generally  supposed  to  be  accelerated  by  the  flow  of  tan- 
gential or  equalizing  currents,  apart  from  the  heating  due  to 
radial  leakage  current  through  the  dielectric^ 

In  general' it  may  be  said  that  any  reduction  of  losses  in  cable 
dielectrics  is  of  an  order  of  importance  equivalent  to  any  pro- 
gress in  the  direction  of  increasing  the  conductivity  of  the  cable 
conductors.  If  the  latter  improvement  were  a  possibility,  it 
is  obvious  that  no  effort  would  be  spared,  to  secure  it. 

L.  L.  Elden  and  J.  A.  Walton  (by  letter):  The  effect  of 
dielectric  losses  in  limiting  the  carrying  capacity  of  three- 
conductor  cables  has  received  little  consideration  in  cable  spec- 
ifications until  recent  experience  has  forced  a  tardy  recogni- 
tion of  their  importance. 

The  data  submitted  by  Mr.  Farmer  support  that  of  other 
investigators  and  should  be  studied  carefully  by  users  of  similar 
cables.  In  many  cases  such  study  will  be  found  to  offer  a  satis- 
factory solution  of  many  cable  failures  which  have  been  exper- 
ienced in  the  past,  and  at  the  same  time,  indicate  methods 
which  may  avoid  similar  occurrences  in  new  installations. 

An  analysis  of  the  results  of  all  tests  of  this  character  reveals 
one  important  fact,  viz:  that  the  insulating  materials  (paper 
and  impregnating  compounds)  used  by  the  various  manufac- 
turers of  standard  three-conductor  transmission  cables  vary 
yndely  in  dielectric  losses  at  all  temperatures  and  more  particu- 
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larly  at  the  higher  temperatures  within  permissible  operating 
limits. 

These  results  are  undoubtedly  due  to  the  varying  methods 
of  manufacture  and  to  the  perfection  of  manufacttuing  pro- 
cesses, as  much  as  to  the  materials  themselves.  That  wide 
variations  exist  in  the  product  of  a  single  manufacturer  is  clearly 
shown  by  tests  on  samples  of  similar  cables  manufactured  at 
different  periods,  sometimes  only  a  few  months  and  sometimes 
several  years  apart. 

These  conditions  may  be  unavoidable,  but  where  the  differ- 
ences are  so  wide  and  the  losses  so  excessive  in  some  cables,  as 
to  lead  to  their  destruction  within  a  relatively  short  period 
of  operation  under  normal  conditions,  the  inference  must  be 
drawn  that  there  was  something  wrong  in  their  manuf  actiu-e. 

It  is  therefore  important  in  dealing  with  the  effect  of  dielectric 
losses,  that  the  constants  developed  from  a  single  sample  of 
cable  be  not  applied  to  the  product  of  another  manufacturer. 

It  will  be  found  preferable  and  more  reliable  to  determine 
the  characteristics  of  each  lot  purchased  and  from  such  tests 
determine  the  loading  conditions  tmder  which  each  cable  may 
be  operated. 

The  dynamometer-type  wattmeter  developed  by  one  of 
the  large  manufacturing  concerns  provides  a  fairly  accurate 
method  of  measuring  dielectric  losses. 

If  this  procediu-e  is  followed  and  routine  tests  are  made  for 
dielectric  losses  on  each  cable  in  service,  about  twice  each  year 
tmder  nearly  the  same  conditions,  it  will  be  found  possible  to 
keep  a  careful  check  on  the  condition  of  each  cable,  and  to 
anticipate  failures  in  many  cases,  when  an  increase  in  dielectric 
losses  is  found.  This  has  actually  been  done  in  the  practise 
of  the  company  with  which  the  writers  are  connected,  it  having 
been  found  possible  to  locate  and  replace  sections  of  cable  oper- 
ating at  higher  temperatiu-es  than  adjacent  sections  of  the 
same  cable  before  failiu-es  have  occurred.  Examination  of  the 
sections  removed,  revealed  serious  damage  to  the  insulation 
from  high  temperature,  due  entirely  to  high  dielectric  losses 
caused  by  deterioration  of  insulating  materials  at  the  existing 
temperatures. 

These  conditions  are  sometimes  found  to  be  plainly  evident 
to  the  touch  by  comparing  the  temperature  of  two  sections 
of  a  cable  each  side  of  a  joint,  the  cable  all  being  made  by  the 
same  manufacturer. 

These  losses  have  been  found  under  test,  to  vary  1000  per 
cent  between  two  samples  of  cable  of  the  same  make  when  ex- 
cited at  operating  potential  (13,800  volts),  but  carrying  no  load. 
The  effect  of  such  high  losses  on  the  carrying  capacity  of  a 
cable  may  be  left  to  the  imagination. 

It  is  further  suggested  that  each  cable  in  service  shoidd  be 
confined  to  the  product  of  a  single  manufacturer  if  possible 
and  that  repairs  or  replacements  should  preferably  be  made 
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with  similar  cable  or  at  least  with  cable  possessing  characteris- 
tics not  inferior  to  the  original  cable. 

From  time  to  time  representatives  of  operating  companies, 
representatives  of  manufacturers  and  other  investigators  have 
presented  data  on  the  canying  capacity  of  three-conductor 
cables  tmder  various  conditions  and  it  is  noted  that  Mr.  Farmer 
is  conducting  some  tests  of  this  character  for  the  purpose  of 
determining  the  temperature  constants  of  the  cables  under  test. 

Here  again  it  is  important  not  to  apply  the  results  of  such 
tests  on  the  product  of  one  maker  to  that  of  another,  as  the 


TEMPERATURE  (T) 
60  80         100       120         140 

DIELECTRIC  LOSS  (WAHS) 
30         40  50        60  70 

I         I 1 1 r— I 1 ;   .     I         I 

Dimensions  of  Sand  Box  containing  Ducts 


Pig.  2 — Curves  Showing  Temperature  Changes  and  Dielectric 
Loss  in  Short  Duct  System  (13  ft.)  Under  Various  Loads 

3-Conductor,  4/0  Paper  Cable.     Length,  33  ft.     By  resistance  coil  method. 

difference  in  dielectric  losses  may  be  responsible  for  wide  differ- 
ences in  the  temperature  gradient  between  the  lead  sheath  and 
conductors.  Variations  of  fifty  per  cent  on  the  same  thickness 
of  insulation  have  been  noted  in  this  respect. 

It  is  further  noted  in  this  connection  that  although  the  A.  I. 
E.  E.  Standardization  Rules  specify  certain  limiting  tempera- 
tures for  conductors  insulated  with  paper,  the  manufacturers 
of  this  product  are  not  in  accord  as  to  the  operating  tempera- 
tures for  which  they  will  guarantee  their  product,  in  some  cases 
these  Umits  being  materially  lower  than  that  permitted  by 
the  rule  in  question. 
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Under  such  conditions  it  seems  still  more  desirable  to  limit 
the  cable  used  in  each  line  to  the  product  of  a  single  manufact- 
urer in  order  that  the  capacity  rating  of  each  line  may  be  deter- 
mined and  based  upon  the  same  material. 

Recent  experience  resulting  from  a  study  of  cable  failures 
has  led  us  to  study  the  temperature  rise  in  4/0  three-conductor 
^/si  in.    X  '/sj  in.    paper-insulated    cables,  as    used  on  the 
system  with  which  we  are  connected. 

The  result  of  this  study  as  far  as  it  has  progressed  with  one 
mantifacturer's  cable  is  shown  in  Fig.  2. 

These  tests  were  conducted  to  determine  the  temperature 
rise  at  certain  predetermined  loads.  The  curtent  at  each  step 
was  maintained  at  a  constant  value  until  the  maximum  temper- 
ature rise  was  obtained  with  that  current,  after  which  the  current 
was  increased  to  the  next  higher  quantity,  until  the  entire  test 
was  complete. 

Two  series  of  tests  were  made  to  determine  the  effect  of  the 
dielectric  losses  in  the  conductor  temperature. 

These  tests  are  indicated  by  the  two  series  of  curves  marked 
"Voltage  off"  and  "Voltage  on". 

"Voltage  off"  means  that  the  test  voltage  was  approximately 
110  volts  and  "Voltage  on"  means  a  test  voltage  of  approxi- 
mately 13,600  volts. 

It  is  obvious  that  with  such  data  available  and  a  knowledge 
of  the  characteristics  of  each  cable  in  service,  the  operating 
engineer  may  accurately  determine  its  safe  loading  capacity 
for  any  time  of  the  year  by  merely  observing  the  sheath  tem- 
peratures in  manholes  and  ducts  at  points  where  maximtun  air 
temperatures  are  known  to  exist.  Such  readings  are  easily 
taken  and  will  be  found  to  be  most  valuable  if  used  as  suggested. 

In  making  purchases  of  cable  we  would  recommend  careful 
consideration  of  the  dielectric  loss  constants  at  the  higher 
operating  temperatures  (70  deg. — 80  deg.  cent.),  and  particu- 
larly with  cables  for  operating  pressures  of  16,000  to  25,000  volts. 

Philip  Torchio:  In  line  with  Mr.  Fisher's  and  Mr.  Davis' 
information  on  measurement  of  dielectric  losses  in  cables,  I 
wish  to  state  that  I  first  measured  not  power  factor,  but  watt 
loss  per  foot  of  cable,  on  paper  and  rubber-insulated  cables, 
in  1901,  and  the  restilts  of  my  investigation  were  reported  in 
a  paper  read  before  the  Association  of  Edison  Illuminating 
Companies  at  its  meeting  in  1902.  Abstracts  from  that  paper 
quoted  before  this  Institute  last  June,  pointed  out  specifically 
that  the  dielectric  losses  in  cables  were  a  function  of  the  voltage, 
the  frequency,  and  of  a  not  yet  determined  function  of  the  tem- 
perature. I  believe  that  those  tests  were  the  first  investigation 
ever  made  of  these  factors  affecting  the  design  and  operation 
of  cables. 

With  the  aid  of  Figs.  3,  4,  6  and  6  I  will  now  make  a  brief 
reference  to  the  paper  of  Mr.  Farmer,  calling  attention  to  the 
fact  that  in  measuring  losses  in  dielectric  materials  we  find 
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conflicting  restilts  which  at  times  are  inexplicable  until  we  analyze 
further  the  conditions  of  the  test.  I  will  point  out  the  importance 
of  the  shape  of  the  voltage  cuive  by  showing  results  obtained 
under  different  conditions  of  test. 

Pig.  3:    This  is  a  test,  60-cycle,  which  shows  a  ratio  of  the 


Pig.  3 — Effbctivb  Voltage  -  14910;  Maximum  Voltage  -  20,800; 
60  Cycles.  Load  on  Testing  Transformer:  8  ft.  Single-Conductor 
Petroleum  Cable.  Potential  Transformer  with  700  ohms  in 
secondary  Circuit 


average  voltage  to  maximum  voltage  of  14,900  to  20,800.    The 
losses  per  foot  at  100  deg.  cent,  are  0.8  watts. 

Pig.  4:  This  is  a  curve  on  26-cycles,  which  was  very  much 
distorted  and  shows  that  the  ratio  between  the  average  voltage 
and  the  maximum  voltage  was  14,900  to  25,000.    The  losses  were 


Fig.  4 — Effective  Voltage  «  14,910;  Maximum  Voltage  «  26,400; 
25  Cycles.  Load  on  Testing  Transformer:  8  ft.  Single-Conductor 
Petroleum  Cable.  Potential  Transformer  with  700  ohms  in 
Secondary  Circuit 


1.20  watts,  at  100  deg.  cent,  which  are  higher  at  25-cycles  than 
they  were  at  60-cycles. 

Fig.  5:  The  next  curve  is  also  25-cycles  and  by  modifying 
the  curve  we  reduce  the  losses  to  0.68  watts  at  100  deg.  cent. 

Fig.  6:  The  last  curve,  which  is  a  60-cycle  curve,  showed 
the  average  to  be  14,921  and  with  this  form  at  60-cycles,  we 
reduce  the  losses  to  0.77  watts  at  100  deg.  cent. 
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We  found  that  the  distortions  in  the  above  voltage  curves 
were  caused  by  the  transformers  and  regulators  which  stepped 
up  and  controlled  the  voltage  supplied  to  the  cable.     This  dis- 


FiG.  5 — Effective  Voltage  »  14,910;  Maximum  Voltage  =  21,600; 
25  Cycles.  Load  on  Testing  Transformer:  8  ft.  Single-Conductor 
Petroleum  Cable.  Air  Condenser:  95  ft.  Single-Conductor 
Stanolite  Cable.  Potential  Transformer  with  700  ohms  in  Second- 
ary Circuit 

tortion  was  dependent  upon  the  current  supplied  which  in  turn 
is  dependent  upon  the  voltage  and  amount  of  cable  connected 
to  the  equipment. 


Pig.  6 — Effective  Voltage  =  14,910;  Maximum  Voltage  =  21,600; 
60  Cycles.  Load  on  Testing  Transformer:  8  ft.  Single-Conductor 
Petroleum  Cable.  Air  Condenser:  96  ft.  Single-Conductor 
Stanolite  Cable.  Potential  Transformer  with  700  ohms  in 
Secondary  Circuit 


F.  W.  Peek;  Jr.:  About  two  years  ago  I  was  asked  to  investi- 
gate the  cause  of  many  cable  failures  on  a  large  system.  It 
was  thought  that  these  failures  were  due  to  high-frequency 
disturbances,  because  the  failures  were  generally  accompanied 
by  lightning  arrester  discharges.  An  examination  of  the  records 
showed  that  practically  all  of  the  failures  were  confined  to 
a  single  make  and  type  of  cable.  Everything  but  the  load  chart 
pointed  to  overheating  as  the  probable  cause  of  the  trouble. 
An  examination  of  some  of  these  cables  at  practically  no  load 
showed  them  to  be  quite  warm — obviously  due  to  high  dielectric 


Dielectric  loss  measurements  on  sections  of  these  cables  showed 
that  the  dielectric  loss  was  of  the  same  order  as  the  full-load 
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copper  loss.   The  high-frequency  disturbances  were  caused  by  the 
failures  and  were  not  the  cause  of  the  failures. 

An  examination  of  these  cables  showed  them  to  be  very  loosely 
wrapped,  and  showeithat  the  compound  had  migrated,  leaving 
parts  dry  and  parts  still  well  impregnated.  Such  a  condition 
will  tend  to  cause  high  loss  and  failure  by  an  unequal  distri- 
bution of  dielectric  stress.  In  1914,  I  made  some  tests  to  illus- 
trate this,  and  will  give  an  example  here: 

Twenty  sheets  of  plain  paper  were  placed  between  flat  elec- 
trodes— the  "rapidly  applied"  break-down  voltage  was  10  kv. 

Twenty  sheets  of  the  same  paper  were  oiled — ^the  break- 
down voltage  was  16  kv. 

Ten  sheets  of  plain  paper,  and  ten  sheets  of  oiled,  making 
a  total  of  twenty,  were  tested.  The  break-down  voltage  was 
8  kv.,  or  less  than  for  the  twenty  sheets  of  plain  paper. 

Of  course  the  nature  of  the  compound  is  also  of  great  import- 
ance. Loss  measurements  made  at  the  time  a  cable  is  purchased 
win  not  anticipate  deterioration  of  compound,  or  migration  of 
compound.  These  are  best  anticipated  by  the  chemist,  and  an 
examination  of  the  construction  of  the  cable. 

Mr.  Farmer's  three-phase  measurements  are  very  inter- 
esting and  valuable.  In  making  loss  measurements  at  low  power 
factor,  great  care  is  necessary  to  correct  carefully  for  any  angu- 
lar displacement.  As  Mr.  Parmer  points  out,  if  the  air  conden- 
ser method  of  making  phase-angle  correction  is  used  at  high 
voltages  there  is  danger  of  error  due  to  loss  in  the  condenser. 
This  is  so,  because  while  the  loss  in  the  air  condenser  per  unit 
volume  is  very  low  compared  to  the  unit  loss  in  the  insulation 
under  test,  the  voliime  of  the  air  condenser  is  so  high  compared 
to  that  of  the  insulation  that  the  total  loss  in  the  air  condenser 
may  be  high  enough  to  cause  serious  error.  Mr.  Farmer  made 
the  correction  at  low  voltage  to  prevent  this  error. 

Referring  to  Mr.  Farmer's  Fig.  1:  Naturally  the  points 
1,  2,  3  and  4  are  not  likely  to  be  at  the  same  potential.  This 
fact  does  not  mean  break-down  or  leakage  between  these  points 
if  the  cables  are  properly  made  and  impregnated.  There  are 
also  many  other  points,  not  only  on  the  insulation  surface, 
but  also  in  the  space  surrounding  the  insulated  cables,  not  at 
the  same  potential.  The  unit  stress  is  probably  generally  high 
at  1.  The  fact  that  the  surface  1-2  is  burned  does  not  mean 
that  there  has  been  leakage  over  this  surface;  it  may  mean 
break  down  between  1-4  and  2-4.  The  values  given  for  these 
stresses  are  not  necessarily  correct. 

Referring  to  the  method  of  heating  the  cables  for  test,  a  very 
good  way  is  to  bell  the  ends,  seal  them,  and  immerse  in  hot  oil. 

I  have  found  that  the  loss  in  good  insulation  may  be  expressed 
by*: 

p  =  afe^  =  bfg^  X  10"'  watts  per  cu.  cm. 

*Elcctrical  Characteristics  of  Solid  Insulations",  F.W.  Peek,  Jr.  G.  E, 
Review  1916,  November. 
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The  constants  a  and  b  vary  with  the  temperature,  thus 

or        p^kife^r^kfg^r* 

Where  the  instilation  contains  occluded  moisttire,  the  loss 
equation  takes  the  form 

p  _  bg*  (f+c) 

This  often  makes  it  appear  that  the  exponent  of  voltage  is 
greater  than  the  square.  It  will  be  noted  that  most  of  Mr. 
Farmer's  values  of  this  exponent  are  very  close  to  2. 

The  method  of  reducing  from  single  phase  to  three  phase 
seems  complicated  and  artificial.  It  would  have  been  very 
interesting  if  Mr.  Parmer  had  given  ctuires  on  the  same  cables 
for  single  phase  and  three  phase. 

In  selecting  cables  it  is  important  that  in  addition  to  the 
voltage  tests,  examination  be  ntiade  of  the  tightness  of  wrap, 
quality  of  paper,  and  of  the  compound.  Certain  compounds 
have  been  found  by  experience  to  be  undesirable  because  of 
probable  chemical  change,  unreliability,  and  bad  temperature 
characteristics.  Unfortunately,  poor  cables  cannot  always  be 
reKably  anticipated  by  loss  temperature  measurements.  The 
loss  measurements  will,  however,  be  of  use  to  show  that  the 
cable  is  in  good  condition  at  the  time  of  piu-chase.  The  same 
result  can  be  more  simply  accomplished  by  appljTing  voltage 
and  measuring  temperature.  Much  can,  however,  be  done  by 
examination  of  paper  and  compound. 

Excessive,  long  time  high-voltage  tests  should  be  avoided. 

I  believe  high-voltage  direct  current  offers  a  good  method  of 
making  cable  tests.  I  quote  from  my  paper:*  "The  Effect  of 
High  Continuous  Voltages  on  Air,  Oil,  and  Solid  Insidations." 

"There  is  considerable  difficulty  in  practise  in  making  a-c. 
voltage  tests  on  long  lengths  of  cables,  due  to  the  size  of  the 
apparatus,  which  is  necessarily  large  on  account  of  charging 
current.  The  necessary  kilovolt-amperes  often  amount  to  sev- 
eral htmdred.  The  wave  shape  is  often  distorted  by  the  leading 
current,  the  apparatus  is  difficult  to  move  about,  etc.  D-c.  tests 
would  eliminate  these  difficulties,  as  very  small  apparatus 
would  be  required,  providing  such  tests  would  detect  faulty 
sections,  etc.  It  cannot  be  said  that  a  given  d-c.  voltage  is 
equivalent  to  a  given  a-c.  voltage.  The  above  tests  indicate, 
however,  that  faulty  sections  of  cable  could  be  equally  as  weU 
located  by  d-c.  tests  as  by  a-c.  tests.  In  cases  of  cracks,  etc.,  the 
air-  or  compound-filled  space  would  be  broken  down  at  the  same 
maximum  voltage  on  direct  current  or  alternating  current. 
In  case  of  a  fault  due  to  moisture,  the  breakdown  would  appar- 
ently take  place  at  about  the  same  voltage,  alternating  current 
or  direct  ciurent.    In  the  case  of  a  cable  in  good  condition  there 
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would  be  much  less  likelihood  of  injury  by  direct  current  than 
by  alternating  current  of  the  same  maximtun  voltage.  A  d-c. 
voltage  equal  to  the  maximum  of  the  a-c.  test  voltage  would, 
therefore,  seem  suitable  for  such  tests." 

Resistance  measurements  should  be  considered. 

M.  Q.  Lloyd:  In  regard  to  the  difference  between  the  single- 
phase  and  three-phase  measurements,  I  see  but  three  possible 
causes  for  such  a  difference.  One  has  been  mentioned  by  Mr. 
Atkinson,  that  due  to  the  fact  that  parts  of  the  dielectric  were 
stressed  differently  in  the  single-phase  test  from  what  they  were 
in  the  three-phase,  and  with  varying  power  factor  in  the  electric 
field  strength,  and  with  power  factor  perhaps  varying  differently 
in  different  specimens,  we  have  no  definite  relation  between  the 
two. 

Another  reason  for  the  difference  might  be  lack  of  homogen- 
eity in  the  dielectric  material,  so  that  measuring  one  part  of 
the  cable  would  not  give  a  value  proportionate  to  that  which 
would  be  obtained  if  it  were  all  subjected  to  the  same  stress. 

Tliere  is  still  a  third  possibility.  I  think  of  it  in  connection 
with  tlie  analogy  with  magnetic  hysteresis,  that  is,  the  loss 
occasioned  in  magnetic  material  when  it  is  subjected  to  a  vary- 
ing m;agnetic  field.  Let  me  recall  to  your  mind  that  the 
loss  in.  magnetic  material  when  placed  in  a  rotating  magnetic 
field  is  different  from  the  loss  when  it  is  placed  in  an  alternating 
magnetic  field  of  the  same  maximtmi  value.  The  difference 
there  is  generally  in  this  respect, — ^that  in  low  densities  the 
loss  is  greater  in  the  rotating  field  and  very  low  in  the  alternating 
magnetic  field,  but  at  high  densities  the  loss  is  lower  in  the  ro- 
tating field  and  greater  in  the  alternating  magnetic  field.  Mag- 
netic hysteresis  cannot  take  place  unless  the  permeability 
varies  with  the  flux  density  of  the  material.  Similarly,  di- 
electric loss  cannot  easily  take  place  without  the  dielectric 
constant  varying  with  the  strength  of  the  electric  field.  It 
seems  to  me  quite  possible  there  may  be  some  analagous  effect, 
that  the  loss  in  the  dielectric  material  in  the  rotating  alternating 
field  may  be  different  from  that  in  the  simple  reversing  field, 
and  I  suggest  that  as  a  thing  which  may  be  investigated  by  those 
who  are  experimenting  in  this  subject. 

James  iL  Craighead:  Mr.  Farmer  states  that  he  considers 
the  precision  of  the  measurements  to  be  about  5  per  cent.  The 
variations  of  the  ratios  shown  in  Table  II  are  decidedly  in  ex- 
cess of  a  5  per  cent  limit,  while  the  average  test  value  is  within 
1  per  cent  of  the  calculated.  Averaging  the  values  at  each 
voltage  shows  a  curious  characteristic  by  which  the  ratio  goes 
up  with  the  voltage  by  a  more  or  less  irregular  curve,  from 
about  0.92  to  about  1.07.  Can  Mr.  Farmer  suggest  an  ex- 
planation of  this? 

Comfort  A.  Adams:  In  the  first  place,  we  do  not  have  a 
homogenous  dielectric.  We  have  different  materials — ^paper, 
cambric,   and  impregnated  compound.    We  have  some  parts 
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more  thoroughly  impregnated  than  others.  We  have  some  parts 
that  will  dry  with  air  space  or  gas  space,  and  with  consequently 
increased  loss.  There  are  different  temperatures  in  different 
parts  of  the  cross-section;  for  instance,  a  much  higher  tem- 
perature in  the  center  than  on  the  outside.  This  changes  the 
effective  a-c.  resistance,  changes  the  losses  per  unit  volume, 
changes  the  distribution  of  energy  throughout,  and  accounts, 
in  some  part  at  least,  for  the  great  difficulty  in  comparing  dif- 
ferent cables..  It  is  not  anything  like  as  simple  a  matter  as 
you  might  imagine. 

Also,  I  think  there  is  evidence  which  will  lead  us  to  believe 
that  very  minute  quantities  of  moisture  make  more  difference 
in  the  cable  losses  than  some  other  things  that  we  look  after 
carefully. 

Finally,  this  is  not  only  a  very  important  subject,  one  of  the 
most  important  in  transmission  problems,  but  it  is  one  in  the 
investigation  of  which  the  ground  has  scarcely  been  scratched, 
and  in  which  we  have  an  immense  amount  to  learn.  We  are 
dealing  with  problems  and  analyzing  them  on  the  assumption 
of  certain  approximate  homogeneities,  which  do  not  exist,  and 
we  have  got  to  get  down,  way  down,  to  the  bottom  of  things  in 
a  degree  we  have  never  done  before. 

F.  M.  Farmer:  In  regard  to  the  statement  in  the  paper 
which  a  number  of  speakers  have  taken  exception  to,  where  I 
intimate  that  nothing  has  been  done  on  this  subject  up  to  two 
or  three  years  ago,  perhaps  my  wording  was  not  very  fortunate. 
Obviously,  what  was  meant  is  that  nothing  has  been  done  which 
has  aroused  serious  interest  among  operating  engineers  until 
two  or  three  years  ago,  although  the  subject  has  been  very 
active  since  that  time.  We  all  know  that  there  has  been  a 
tremendous  amount  of  work  done  on  the  general  subject  of 
dielectric  losses  during  the  last  fifteen  years,  but  we  also  know 
that  very  little  information  has  been  made  available  to  the  pro- 
fession at  large,  particularly  in  connection  with  underground 
cables.  If  the  manufacturers  have  done  a  great  deal  of  work, 
as  stated  by  the  representatives  here,  they  have  until  very 
recently  kept  the  accumulated  information  to  themselves. 

As  to  Mr.  Fisher's  point  in  regard  to  the  carrying  capacity  of 
cables  being  limited  by  the  dielectric  strength,  it  is  obvious  that 
as  the  temperature  goes  up  a  point  will  be  reached  where  des- 
structive  action  takes  place  and  the  cable  will  break  down  due 
to  the  dielectric  strength  becoming  nil.  In  other  words,  if  the 
insulating  materials  used  in  the  cables  did  not  suffer  physical 
deterioration  at  high  temperatures,  the  carrying  capacity  would 
be  limited  by  the  permissible  loss  in  a  given  installation  rather 
than  by  the  "safe  working  temperature"  as  determined  by  the 
physical  characteristics  of  the  material. 

Mr.  Atkinson  stated  that  there  are  a  great  many  points  in 
the  way  of  precautions  in  tests  of  this  character  that  have  not 
been  mentioned  in  the  paper.     Of  course  it  goes  without  saying 
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that  all  of  the  precautions  that  are  usually  taken  in  meastu^e- 
ments  of  this  class  must  be  carefully  observed.  I  simply  tried 
to  point  out  some  of  what  might  be  called  the  extra  precautions 
which  have  to  be  taken  care  of  in  this  particular  class  of  electrical 
measurements. 

Mr.  Davis'  point  in  regard  to  the  desirability  of  different 
investigators  using  different  methods  is  very  good.  It  is  not 
necessary  or  desirable  that  everybody  use  the  same  method. 
What  is  essential  is  that  the  results  obtained  by  the  different 
investigators  mean  the  same  thing  to  everybody. 

Mr.  DuBois'  conclusion  that  there  is  nothing  in  the  Hoch- 
stadter  theory  may  be  quite  correct.  I  simply  stated  this 
theory  as  a  reason  for  making  comparison  between  single-phase 
and  three-phase  tests.  If  there  is  anything  in  the  theory,  that 
is,  if  there  is  an  extra  loss  due  to  tangential  stresses,  it  ought  to 
show  up  in  the  ratio  between  the  two  quantities.  I  am  con- 
vinced that  actual  tests  do  not  show  any  such  loss  of  any  con- 
siderable magnitude  and  naturally  an  experiment  is  usually  the 
ultimate  proof.  In  other  words,  the  results  we  are  getting  in 
these  peculiar  cable  failures  are  due  to  the  cause  which  has  been 
discussed  here  this  afternoon,  namely  that  the  internal  insulation 
nattu'ally  reaches  a  higher  temperature  than  the  rest  of  the 
insulation  and  therefore  the  loss  is  increased  faster  at  that  point, 
so  that  ultimate  destruction  takes  place  in  the  internal  insulation 
long  before  it  does  in  the  outer  insulation.  In  other  words, 
destruction  is  probably  not  due  to  a  higher  dielectric  loss  per 
unit  voltune  produced  by  tangential  stresses. 

In  reference  to  Mr.  Shanklin's  question  in  regard  to  the 
formula  which  has  been  given  for  the  three-phase  loss  calculated 
from  single-phase  tests,  I  think  he  has  forgotten  to  consider  the 
proper  voltage  for  each  single-phase  loss.  In  a  single-phase 
test,  the  voltage  distribution  imder  the  application  of  three- 
phase  potential  cannot,  of  course,  be  duplicated  because  in  the 
latter  case  the  belt  insulation  is  subjected  to  Y  voltage  while  the 
instdation  between  conductors  is  subjected  to  delta  voltage. 
Therefore,  in  calculations  from  single-phase  measurements,  this 
should  be  taken  into  account  by  assimiing  that  the  loss  is  pro- 
portional to  the  square  of  the  voltage.  Possibly  it  would  have 
been  clearer  if  the  formulas  in  paragraph  A  under  '*Three-phase 
vs.  Single-phase  Tests"  had  been  expressed  as  follows:  (for 
single-phase  tests  made  at  Y  voltage) 

Ri^  Wi+  -g-  +  -g^  ,  etc. 

Mr.  Torchio's  data  showing  the  effect  of  wave  form  are  most 
interesting.  However,  it  is  obvious  that  measurements  of  this 
character  should  not  be  undertaken  without  first  investigating 
this  point  pretty  carefully  and  being  sure  that  the  wave  form  is 
substantially  a  sine  curve.  It  is  one  of  the  first  precautions  to 
be  observed. 
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In  reference  to  Mr.  Craighead's  inquiry  I  have  no  suggestion 
to  offer.  I  believe  that  some  of  the  apparent  discrepancies  which 
are  most  pronounced  at  the  lower  temperatures  in  the  first 
cables  tested  are  due  to  the  temperature  not  being  held  for  a 
sufficiently  long  time  and  not  being  measured  with  sufficient 
precision.  This  table  was  given  merely  to  show  that  there  is  no 
very  great  difference  between  the  three-phase  losses  calculated 
ffom  single-phase  tests  and  those  obtained  by  direct  three-phase 
measurement  and  is  not  given  with  any  idea  that  the  ratios 
obtained  are  precise.  Although  for  all  practical  purposes  these 
results  show  that  there  is  no  internal  loss,  still  I  feel  that  this 
phase  of  these  measurements  should  be  investigated  further, 
knowing  as  we  do  now  that  the  measurements  could  have  been 
made  more  precisely. 
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SOME  APPLICATIONS  OF  ELECTROMAGNETIC 
THEORY  TO  MATTER 


BY   ALBBRT   C.    CRBHORB 


LAST  year  you  were  privileged  to  listen  to  an  account  of 
I  recent  experimental  observations  in  connection  with  atomic 
phenomena,  I  may  say  some  of  the  fundamental  facts  of  the 
physical  worid,  coupled  with  an  account  of  the  way  some  of 
these  facts  are  now  generally  interpreted  in  terms  of  "Radiation 
and  Atomic  Structure."  The  interpretation  was  principally  in 
terms  of  the  current  Rutherford-Bohr  theory  of  the  atom. 

It  is  the  interpretation  of  physical  observations  that  has 
engaged  the  speaker's  attention  for  several  years,  and  it  has 
seemed  to  your  committee  that  the  time  is  ripe  to  present  to 
you  certain  conclusions  that  have  resulted.  It  goes  without 
saying  that  no  theory  has  ever  yet  been  proposed  that  enables 
us  to  account  for  all  the  facts  of  observation  by  steps  of  logical 
deduction  from  certain  assumed  premises.  Nevertheless,  there 
is  every  reason  why  this  high  ideal  should  ever  be  kept  before 
us.  Unless  we  aim  higher  than  we  expect  to  attain,  we  will  not 
accomplish  so  much  as  we  expect. 

I  would  not  have  you  understand  from  this  that  no  real 
progress  toward  the  desired  goal  has  been  made.  On  the  con- 
trary, I  believe  it  to  be  very  great.  How  can  we  estimate  the 
progress  that  has  been  made  ?  Throughout  the  history  of  science 
we  have  seen  one  theory  giving  place  to  another  sometimes  in 
rapid  succession.  This  has  had  a  very  depressing  effect  upon 
a  certain  class  of  people,  who  do  not  comprehend  the  real  trend 
of  it.  I  would  impress  upon  you  that  this  is  one  of  the  chief 
earmarks  of  progress.  We  cannot  attain  the  realization  of  the 
ultimate  goal  at  once,  and,  therefore,  the  only  way  to  approach 
it  is  by  a  series  of  successive  approximations.  Each  nearer 
approach  involves  of  necessity  some  changes  in  preceding  ideas. 
It  even  seems  probable  that  the  fundamental  hypothesis  of 
atomic  structure  as  composed  of  electrons,  positive  and  negative, 
is  entirely  correct,  and  that  the  reason  why  we  are  not  yet  able 
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to  account  for  more  of  the  observed  phenomena  is  because  we 
have  not  discovered  the  proper  processes  to  follow  in  reasoning 
from  the  simple  to  the  complex.  I  suspect  that  this  is  the  truth 
of  the  matter,  and,  when  you  comprehend  more  fully  the  com- 
plexities of  most  of  the  processes  involved,  you  will  experience 
no  difficulty  in  agreeing  with  me. 

The  discovery  of  the  electron  and  the  isolation  of  it,  so  that 
its  properties  might  be  measured,  marked  a  new  era  in  our 
conception  of  matter.  The  fact  that  each  electron  always  car- 
ries an  electrical  charge  of  the  same  amount  is  most  significant. 
It  has  led  by  natural  steps  to  the  present  electrical  theory  of 
matter.  It  was  also  most  natural  to  begin  to  apply  to  these 
electrons,  as  representing  electrical  charges,  the  electromagnetic 
theory  that  is  known  to  apply  to  other  electrical  charges,  a 
theory  that  had  been  developed  by  a  generation  of  men  long 
before  the  electron  was  known,  as  the  chief  exponent  of  which 
the  name  of  Maxwell  stands  preeminent.  This  was  done,  of 
course,  but  it  was  soon  found  that  the  existing  form  of  electro- 
magnetic theory  was  inadequate  to  cope  with  single  isolated 
charges  moving  with  considerable  velocities  through  space. 

Electromagnetic  theory  itself,  therefore,  became  the  object  of 
much  more  careful  study.  The  result  has  been  that  we  have 
witnessed,  even  in  our  day,  a  gradual  evolution  of  electro- 
magnetic theory.  Maxwell  would  hardly  recognize  the  form  in 
which  electromagnetic  equations  are  expressed  today.  The  new 
thing  that  has  been  introduced  into  the  theory  is  the  conception 
that  the  effects  of  a  charge  moving  through  the  ether  are 
propagated  out  in  all  directions  from  it  with  a  velocity  which 
is  characteristic  of  the  ether,  the  same  velocity  as  that  of  light. 
This  introduces  important  differences  into  the  equations,  some- 
times referred  to  as  * 'retarded  potentials." 

Some  progress  was  made  by  the  use  of  this  theory  in  inter- 
preting atomic  phenomena,  but  there  were  certain  observations, 
particularly  connected  with  radiation  from  gases,  that  simply 
refused  to  be  brought  into  line  in  any  way  that  could  be  con- 
ceived. On  the  strength  of  this  Max  Planck  proposed  what  is 
now  known  as  his  "quantum  theory.'*  It  stands  today  as  one 
of  the  boldest  proposals  ever  suggested  in  physics.  He  originally 
arrived  at  the  theory  through  a  consideration  of  the  radiation 
of  energy  from  gases,  but  it  has  since  been  shown  to  have  a  very 
general  application  in  all  atomic  phenomena.  The  boldness  of 
his  proposal  may  be  seen  from  the  following.     Finding  that 
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dectromagnetic  theory  was  inadequate,  as  he  conceived  of  it, 
he  proposed  to  lay  it  aside  and  not  use  it.  He  then  gave  rea- 
sons for  his  proposal  that,  whenever  energy  is  radiated  anywhere 
from  matter,  the  energy  is  transferred  in  units,  or  in  quanta,  so 
that  the  total  energy  transferred  is  some  integral  multiple  of  a 
fixed  minimum  of  energy,  the  quantum. 

Let  it  suffice  to  say  that  the  application  of  Planck's  quantum 
theory  to  radiation  straightened  out  the  diflSculty  immediately. 
Perhaps  it  would  be  better  to  say  transferred  the  difficulty  from 
one  place  to  another,  for  difficulty  there  is  and  will  be  until  the 
fundamental  cause  of  the  necessity  for  units  or  quanta  of  energy 
is  comprehended.  However,  progress  by  the  use  of  this  new  idea 
was  very  marked  in  every  direction  as  regards  atomic  phenomena. 
The  value  of  the  unit  or  quantum  of  energy  has  now  been 
experimentally  determined.  It  is  excessively  small,  but,  when 
a  quantity  can  be  measured  at  all,  its  existence  is  not  questioned. 
Its  existence  is  now  regarded  as  experimentally  established. 

The  present  trend  of  physicists  is  to  generalize  this  idea,  and 
to  say  that  energy  is  essentially  of  an  atomic  nature,  being 
composed  of  units  in  the  same  way  as  matter  is  so  composed. 
This  generalization  implies  that  no  flow  of  energy  ever  takes 
place  that  does  not  go  in  exact  multiples  of  this  unit.  It  seems 
to  the  speaker  that  there  is  danger  in  thus  generalizing  in  advance 
of  definite  proof,  or,  at  least,  in  letting  our  thoughts  be  guided 
as  though  this  general  proposition  were  true.  A  similar  general- 
ization was  made  without  proof  some  years  ago  in  physics.  I 
refer  to  the  principle  of  the  conservation  of  matter,  which  has 
been  published  in  most  textbooks  on  physics  of  the  older  school. 
We  have  latterly  been  obliged  to  retract  this.  We  do  not  know 
now  that  it  is  true.  We  cannot  assert,  however,  that  the  con- 
trary is  true,  namely,  that  matter  is  being  created  and  destroyed. 
We  simply  do  not  know.  We  do  know  that  the  individual  atoms 
do  not  remain  intact  as  they  were  formerly  thought  to  do,  and 
that  some  of  them  are  actually  going  to  pieces,  giving  out  parts 
of  themselves  and  losing  weight.  Whether  or  not  the  electrons 
that  they  give  out  always  enter  into  some  other  piece  of  matter, 
and  thus  make  for  the  ultimate  conservation  of  matter,  it  is  not 
possible  to  say.  We  cannot  say  that  the  stmi  total  of  electrons 
in  the  universe  remains  constant. 

You  will  easily  comprehend  that  the  effect  of  Planck's  theory 
has  been  to  divert  attention  from  electromagnetic  theory,  since 
he  was  forced  to  lay  it  aside.  This  very  act,  and  the  fact  that 
substantial  progress  was  made  by  so  doing,  naturally  brought 
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electromagnetic  theory  into  disrepute,  so  far  as  its  application 
to  electrons  in  atoms  is  concerned.  It  is  fortunate  that  he  had 
the  courage  to  do  it,  because  the  restdt  has  been  that  we  are  in 
possession  of  valuable  information  about  jthe  atoms,  which 
would  otherwise  now  be  unknown. 

It  must  be  admitted,  however,  that  it  will  never  be  satis- 
factory to  the  human  intellect  to  leave  the  situation  in  the  state 
we  find  it  today.  The  solid  foundations  upon  which  we  must 
seek  to  found  an  atomic  hypothesis  should  in  some  way  be  con- 
nected with  the  properties  of  the  electron  and  its  connection 
with  the  ether  of  space.  These  are  fundamental  parts  of 
electromagnetic  theory,  which  expresses  in  mathematical  lan- 
guage just  this  connection  between  an  electrical  charge  and  the 
ether,  that  is,  between  matter  and  the  ether.  It  even  seems 
possible,  nay  indeed  probable,  that  some  good  reason  for  the 
existence  of  a  quantum  of  energy  may  yet  be  discovered  by  the 
help  of  electromagnetic  theory,  as  being  connected  with  the 
very  constitution  of  the  atoms  themselves.  This  hope  alone  is 
suflSdent  incentive  to  tirge  us  to  continue  the  search  by  the  use 
of  this  theory,  at  least  to  such  a  point  that  it  can  be  proved  the 
search  is  vain,  a  most  difficult  undertaking. 

You  perceive  from  the  above  remarks,  when  taken  in  con- 
nection with  the  title  of  this  address,  "Some  applications  of 
electromagnetic  theory  to  matter,"  the  difficult  nature  of  the 
role  that  the  speaker  has  assumed.  Having  come  to  a  decision 
to  apply  electromagnetic  theory,  so  far  as  possible  in  all  strict- 
ness to  the  electrons  in  the  atoms,  for  the  purpose  of  learning 
where  it  gives  a  good  account  of  itself,  and  where  it  requires  some 
modification,  I  have  gradually  been  led  to  the  conclusion  that 
comparatively  little  has  heretofore  been  done  in  this  direction, 
and  that  the  results  thus  far  attained  are  of  so  great  value  that 
a  great  deal  more  should  be  done. 

It  is  the  under  dog  that  has  the  sympathy  of  the  crowd, 
especially  if  he  shows  sufficient  life  to  put  up  a  plucky  fight. 
During  the  present  phase  of  the  wave  of  progress  in  physics, 
electromagnetic  theory,  as  applied  to  the  atoms  is  like  the 
under  dog.  It  is  on  the  defensive,  and  there  are  strong  reasons 
why  those  who  are  striving  to  save  it  should  have  the  sympathy 
of  the  crowd. 

II.  Rutherford-Bohr  Atomic  Theory 
With  this  introduction  you  may  be  better  prepared  to  listen 
to  the  following  accotmt  of  some  applications  of  electromagnetic 
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theory  to  matter.  As  above  stated  the  Institute  had  the  op- 
portunity last  year  to  hear  an  address  upon  topics  of  absorbing 
interest  to  physicists,  which  included  some  account  of  the 
Rutherford-Bohr  theory  of  the  atom.  This  theory  is,  no  doubt 
familiar  to  you,  but  some  of  the  chief  features  of  it  will  form  the 
starting  point  of  my  remarks  tonight.  According  to  their  theory 
an  atom  is  a  structtu^e  composed  in  part  of  a  charge  of  positive 
electricity,  the  center  of  which  is  the  geometrical  center  of  the 
atom.  This  charge  is  supposed  to  have  small  dimensions  com- 
pared with  the  size  of  the  atom,  or  even  of  the  negative  electron. 
Around  this  nucleus  one  or  more  negatively  charged  electrons 
are  supposed  to  be  describing  approximately  circular  orbits,  the 
radii  of  which  are  very  large  as  compared  with  the  radius  of  the 
electron  itself. 

There  may  be  several  electrons  describing  the  same  orbit  at 
the  same  time.  They  would  then  distribute  themselves  at  equal 
intervals  around  this  orbit  on  account  of  the  mutual  repulsion 
they  have  for  each  other,  thus  forming  a  ring  of  electrons.  The 
atoms  may  be  composed  of  several  such  rings  all  circulating 
around  the  same  nucleus.  Atoms,  in  the  ordinary  states  of 
matter,  have  no  resultant  charge,  and  it  is  supposed  that  in  this 
case  the  sum  of  the  negative  charges  of  the  electrons  is  equal  to 
the  positive  charge  of  the  nucleus,  thus  making  the  totd  zero, 
when  the  atom  is  said  to  be  neutral.  Under  special  circiun- 
stances  atoms  may  be  caused  to  lose  or  to  gain  one  or  more 
electrons  than  they  have  when  neutral,  and  then  the  atom 
manifests  a  resultant  charge,  positive  if  electrons  are  lost,  nega- 
tive if  gained.  It  has  been  observed  that  such  atomic  charges 
are  always  some  exact  multiple  of  the  charge  on  one  electron, 
but  it  may  be  either  positive  or  negative. 

There  are  certain  remarkable  features  in  this  theory  introduced 
by  Dr.  N.  Bohr,  relating  to  the  changes  which  take  place  in 
such  an  atom  when  it  is  disturbed  by  any  cause.  He  finds  that 
the  radius  of  the  orbit  of  the  electrons  changes  from  one  fixed 
value  to  another,  there  being  a  series  of  possible  radii;  but, 
when  the  change  begins,  it  does  not  stop  until  it  arrives  at  one 
of  the  other  possible  radii,  or,  in  other  words,  the  radii  must 
change  by  sudden  jumps.  This  is  a  direct  result  of  an  applica- 
tion of  the  quantum  theory  above  referred  to  to  the  atoms;  for,  by 
it,  the  change  in  energy  must  take  place  in  quanta.  Bohr  has 
found  as  a  result  of  his  premises  that  there  is  a  change  in  the 
kinetic  energy  of  the  electron  in  passing  from  one  of  these  fixed 
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orbits  to  another,  and  the  size  of  the  orbits  has  been  calculated 
from  electromagnetic  theory  by  taking  this  change  in  the  energy 
always  as  an  exact  multiple  of  the  quantum  of  energy.  The 
atom  will  then  radiate  energy  when  the  electrons  fall  in  towards 
the  nucleus  from  one  fixed  orbit  to  another,  and  they  absorb 
energy  when  they  go  outwards  from  the  nucleus. 

There  are  several  assumptions  that  have  been  introduced  in 
•  order  to  arrive  at  these  results.  First  there  is  no  radiation  of 
energy  at  all  when  the  orbit  remains  in  one  of  the  series  of  fixed 
positions,  although  the  electrons  are  in  rapid  motion.  Second 
the  ordinary  equations  of  electromagnetic  theory  apply  to  the 
electrons  when  they  are  in  one  of  these  fixed  orbits  not  radiating 
energy,  but  that  they  do  not  apply  when  they  are  changing  over 
from  one  radius  to  another  and  radiating  energy.  There  have 
thus  come  to  be  recognized  several  states  of  the  atoms,  where  the 
radii  are  fixed,  known  as  the  steady  states,  and  where  energy  is 
neither  radiated  nor  absorbed.  All  other  states  than  these  exist 
only  during  the  radiation  or  absorption  of  energy. 

III.  Two  Great  Natural  Divisions  of  Matter 
There  is  thus  made  a  great  natural  division  of  all  existing 
physical  phenomena.  The  atoms  are  either  in  one  of  these 
steady  states  or  they  are  not.  To  illustrate,  we  may  consider 
that  most  of  the  matter  in  the  solid  crust  of  the  earth  is  in  the 
steady  state,  or,  more  strictly,  it  would  be  if  it  were  at  the  abso- 
lute zero  of  temperature  not  radiating  any  heat.  It  is  quite 
conceivable  to  think  of  the  temperature  of  the  earth  as  being 
lowered  to  the  absolute  zero  without  disturbing  in  any  way  the 
real  constitution  of  the  rocks  of  which  the  earth  is  composed,  or  of 
the  temperature  of  a  crystal  being  at  the  absolute  zero.  As  an 
example  of  atoms  not  in  the  steady  state,  we  may  think  of 
substances  during  the  process  of  undergoing  any  chemical  re- 
actions, where  a  change  of  partners  takes  place  with  an  ac- 
companying transfer  of  energy  among  the  atoms  and  molecules. 
This  includes  all  vital  processes  in  organic  substances,  where 
chemical  reactions  are  continually  taking  place  under  certain 
special  laws  of  guidance  or  causation.  This  latter  class  involving 
energy  transfer  includes  most  of  the  phenomena  of  the  greatest 
interest  to  man,  but  the  former  class,  the  steady  state,  is  of  the 
utmost  importance  even  if  somewhat  more  restricted  in  variety. 
We  owe  to  it  the  home  in  which  we  live,  the  solid  structure  of 
the  earth.     It  also  includes  the  large  class  of  metals  and  building 
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materials  generally,  in  which  the  engineer  is  particularly  in- 
terested. 

It  may  be  repeated,  that,  in  this  first  class,  the  steady  states, 
the  Bohr  theory,  and  other  theories,  assume  that  the  ordinary 
electronaagnetic  theory  is  applicable  to  the  electrons  in  an  atom. 
The  view  is  taken  that  it  is  not  applicable  to  the  second  class 
involving  energy  changes  in  the  Bohr  theory,  but  it  might  be  a 
better  position  to  take  to  say  that  no  one  has  as  yet  seen  just 
how  to  apply  the  theory  than  that  it  is  not  applicable. 

If  we,  therefore,  confine  our  attention  to  those  states  of  matter 
where  there  is  no  energy  transfer,  the  first  class,  where  the 
electromagnetic  ecjuations  are  said  to  apply  even  by  those  who 
indorse  in  every  detail  the  Bohr  theory  of  the  atom,  we  ought 
to  be  able  to  make  a  beginning  of  progress  in  interpreting  some 
of  the  physical  properties  of  this  class  of  matter  by  the  correct 
application  of  electromagnetic  theory.  It  is  time  enough  to 
begin  a  consideration  of  the  other  necessarily  more  complicated 
class,  where  there  is  a  transfer  of  energy,  and  where  the  applica- 
bility of  the  electromagnetic  equations  is  at  present  in  doubt, 
after  we  have  achieved  some  sort  of  results  in  the  simpler  case. 
It  seems  as  if  this  simpler  case  should  naturally  precede  any 
consideration  of  the  other,  for  one  reason,  because  any  success 
in  the  one  is  almost  sure  to  shed  some  light  upon  the  methods  of 
procedure  to  be  adopted  in  the  other. 

It  is  precisely  to  these  steady  states  of  matter,  where  the  appli- 
cability of  electromagnetic  theory  is  admitted,  that  the  speaker 
has  been  endeavoring  during  the  past  several  years  to  apply  the 
present  form  of  electromagnetic  theory  in  a  more  rigid  manner 
than  it  has  been  applied  heretofore,  and  it  is  to  a  consideration 
of  some  of  the  results  of  such  application  that  your  attention  is 
directed  in  these  brief  remaits. 

IV.  Electromagnetic  Theory 
To  begin  with  a  few  remarks  upon  the  current  form  of  electro- 
magnetic theory  seem  to  be  required.  Engineers  may  be  dis- 
posed to  associate  the  words  "electromagnetic  theory"  with  that 
form  of  the  theory  which  comes  into  the  subjects  of  Electricity 
and  Magnetism,  as  it  is  taught  in  the  technical  schools.  There 
is  a  very  great  difference,  however,  between  the  general  form 
of  the  theory  and  that  part  of  it  which  is  commonly  needed  for 
a  complete  understanding  of  all  of  the  phenomena  usually  met 
with  in  electricity  and  magnetism.    You  will  see  at  once  the 
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reason  for  the  difference  when  you  consider  that  you  are  always 
dealing  with  great  numbers  of  electrons  instead  of  with  single 
isolated  ones.  An  electric  current  is  a  continuous  stream  of 
electrons  often  moving  in  closed  curves,  which  evidently  simpli- 
fies matters  very  much,  and  in  every  practical  case,  you  will 
find  that  a  simplified  form  of  the  theory  is  all  that  you  require. 
For  this  reason  it  seems  fair  to  assume  that  most  of  you  are  not 
very  well  acquainted  with  the  general  form  of  the  theory  where 
single  electrons  are  concerned.  The  example  referred  to  by  the 
use  of  the  electric  current  may  make  the  difference  clear.  Imag- 
ine a  closed  circuit  of  any  shape  carrying  a  steady  current. 
There  is  a  magnetic  field  set  up  in  the  whole  region  surrounding 
the  circuit,  and  at  each  point  of  this  field  the  magnetic  force  is 
a  directed  quantity,  but  the  point  I  wish  to  make  is  that  it  is 
constant  at  each  point  of  the  field.  Now  imagine  all  but  one 
of  the  procession  of  electrons  circulating  around  the  circuit  to 
be  removed  in  some  way,  so  that  a  single  electron  instead  of  a 
multitude  passes  around  the  same  circuit.  It  is  evident  to  any- 
one that  the  magnetic  force  at  the  point  in  question  cannot  be 
constant  as  before,  but  must  be  pulsating  in  character  with  a 
fundamental  period  equal  to  the  time  of  revolution  in  the  circuit. 
The  equations  of  the  general  electromagnetic  theory  must  be 
such  that  they  will  give  a  complete  description  not  only  of  the 
variable  magnetic  force  at  the  point  in  question  with  time  but 
of  the  electric  force  as  well,  for,  when  a  magnetic  force  varies, 
as  it  must,  it  is  always  accompanied  by  an  electric  component, 
which  in  such  a  case  as  cited  will  also  vary.  The  very  great 
simplification  in  the  force  introduced  by  having  the  stream  of 
electrons  is,  I  think,  made  clear  by  this  example. 

The  general  electromagnetic  equations  in  current  use  are  of 
too  complicated  a  nature  to  introduce  into  a  talk  of  this  kind, 
but  I  think  that  some  things  may  be  said  of  them  which  will 
serve  our  purpose.  They  are  necessarily  expressed  in  the  lan- 
guage of  vector  analysis  as  always  dealing  with  variations  of 
directed  quantities  in  space,  and  no  attempt  to  put  them  into 
other  mathematical  language  that  we  possess  will  ever  be  success- 
ful. In  fact,  until  the  vector  language  was  developed  it  was 
hopeless  to  cope  with  such  problems.  Let  us  now  try  to  get  a 
definite  picture  of  some  of  the  fundamental  facts  of  electromag- 
netic theory  as  applied  to  just  two  electrical  charges,  two  elec- 
trons if  you  please.  Imagine  them  isolated  from  the  rest  of  the 
physical  universe  if  you  can.     If  each  of  them  is  at  rest,  the 
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ordinary  electrostatic  force,  with  which  you  are  familiar,  is  all 
that  we  have  to  consider,  a  repulsion  in  the  direct  line  joining 
the  charges  inversely  as  the  square  of  the  distance  between  them 
and  directly  as  the  product  of  the  charges.  But,  let  them  be 
set  into  motion.  We  may  now  picture  a  disttirbance,  sometimes 
called  an  electromagnetic  wave,  as  travelling  out  in  all  directions 
with  the  velocity  of  light  from  the  charges.  If  the  distance 
between  the  charges  is  considerable,  it  may  be  quite  a  time  before 
the  wave  from  the  one  reaches  the  other  charge,  8  minutes  if 
one  is  in  the  earth  and  the  other  on  the  sun.  In  8  minutes  the 
first  charge  will  have  moved  a  considerable  distance  if  its  velocity 
is  great.  If  its  velocity  were  1/lOOth  of  that  of  light,  it  would 
have  travelled  1/lOOth  of  the  distance  from  the  earth  to  the  sun 
in  this  time.  So,  when  the  wave  that  left  it  in  its  first  position 
actually  reaches  the  second  electron,  the  first  electron  is  not 
very  near  to  the  place  that  it  was.  In'  what  direction  would  the 
force  on  the  second  electron  due  to  the  first  then  be?  Evidently 
not  in  the  original  direction  it  had  when  they  were  both  at  rest. 
Electromagnetic  theory  purports  to  tell  us  just  what  the  force 
is  at  any  time  on  the  one  charge  due  to  the  other,  that  is  the 
instantaneous  force,  for  it  is  evidently  continually  varying. 

You  will,  I  think,  see  from  this  that  the  force  on  the  second 
electron  is  entirely  due  to  this  electromagnetic  wave  which 
emanates  from  the  first  electron.  This  wave  must  travel  in  a 
medium,  and  so  electromagnetic  theory  is  founded  upon  the 
real  existence  of  an  ether  fixed  in  space,  and  the  force  upon 
the  second  electron  is  really  due  to  some  connection  that  it  has 
with  the  ether.  One  of  the  ftmdamental  equations  in  electro- 
magnetic theory  expresses  in  mathematical  language  this  funda- 
mental connection  that  there  is  between  an  electrical  charge  and 
the  ether.  Much  more  might  be  added  on  this  topic  but,  if 
you  are  to  hear  the  things  I  have  set  out  to  say,  we  must  pass 
over  this  phase  of  it. 

V.  First  Application  of  Electromagnetic  Theory 
It  will  be  understood  that  electromagnetic  theory  is  perfectly 
general  in  that  it  expresses  the  force  at  a  single  instant  oi  time 
only  and  does  not  prescribe  at  all  how  the  two  charges  in  question 
shall  move  relative  to  each  other.  We  have  been  led  to  believe 
for  many  reasons  that  electrons  revolve  in  approximately  cir- 
cular orbits  in  the  atoms.  The  Bohr  theory  above  referred  to 
assumes  this  as  the  natural   stable  condition.    Granting  that 
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this  is  true,  it  must  be  evident  to  you  that  the  first  step  in  the 
application  of  electromagnetic  theory  to  atoms  should  be  the 
solution  of  the  problem  of  finding  the  force  that  one  electron 
when  revolving  at  a  uniform  rate  in  a  circular  orbit,  exerts  upon 
a  second  electron  revolving  in  a  different  circular  orbit.  These 
orbits  must  also  be  fixed  in  space  in  perfectly  general  positions, 
because  the  electrons  in  different  atoms  are,  of  course,  situated 
in  every  possible  manner. 

It  has  been  the  speakers  contribution  to  this  subject  to  solve 
this  problem  in  its  most  general  form,  no  terms  of  any  kind 
having  been  omitted.  It  may  not,  at  first,  be  apparent  to  you 
that  any  solution  is  required,  or  rather,  perhaps,  of  what  a  solu- 
tion consists,  since  the  general  theory  gives  the  force  of  one  of 
these  electrons  on  the  other.  But  you  will  see  with  some  further 
consideration  that  the  equation  we  want  must  contain  several 
quantities,  the  radii  of  the  two  orbits  in  question,  the  values 
of  the  constant  velocities  of  the  electrons  in  the  orbits,  the 
location  of  the  position  of  the  center  of  the  second  orbit  in  space 
with  respect  to  the  first,  that  is  the  x,  y  and  z  coordinates  in  ordi- 
nary geometry,  and  finally  the  relative  positions  of  the  planes  of 
the  two  orbits,  whether  parallel  or  not.  All  of  these  quantities 
must  find  a  place  in  the  final  solution,  and  of  course  none  of  them 
finds  a  place  in  the  original  general  equation  for  the  simple  reason 
that  it  is  general,  not  specifying  any  orbits  or  any  positions  for 
them.  It  requires  three  full  pages  to  print  this  equation,  but 
events  have  shown  that  it  contains  most  important  consequences 
when  applied  to  electrons  in  atoms.  It  is  some  of  these  that  I 
propose  to  discuss.  The  question  probably  occurs  to  you  how 
could  it  have  been  claimed  before  that  electromagnetic  theory 
had  been  applied  to  electrons  until  the  solution  of  this  general 
equation  had  been  obtained.  This  is  a  part  of  my  contention 
in  support  of  the  view  that  these  claims  have  not  been  very 
well  founded,  and  that  there  remains  much  of  value  to  be  done. 

VI.  Rings  op  Electrons 
In  giving  an  account  of  them  I  shall  not  follow  the  order  in 
which  the  results  were  obtained,  but  prefer  to  review  them,  as 
it  were,  with  hindsight  instead  of  foresight.  Naturally  one  of 
the  first  things  to  do  with  this  equation  is  to  apply  it  to  the 
particular  case  where  the  two  orbits  in  question  exactly  coincide, 
the  two  electrons  then  being  in  different  places  in  the  same  orbit, 
for,  in  this  way  we  may  learn  something  of  the  properties  of 
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rings  of  electrons,  of  which  the  atoms  are  supposed  to  be  com- 
posed. 

A  very  great  simplification  is  nattirally  made  in  the  general 
equation  when  the  two  orbits  coincide  because  the  coordinates 
of  the  center  of  the  second  orbit  referred  to  the  first  are  all  zero, 
and  the  speeds  of  the  two  electrons  are  the  same.  So  the 
equation  reduces  to  a  very  manageable  form.  The  iotal  force 
of  the  second  electron  on  the  first  may  then  be  conveniently 
resolved  into  two  components,  the  one  along  the  radius  of  the 
orbit,  and  the  other  along  the  tangent  line  perpendicular  to  the 
one.  In  general,  neither  of  these  components  of  the  force  is 
zero,  and,  as  we  make  the  velocity  of  motion  less  and  less,  the 
force  reduces  to  the  ordinary  electrostatic  force. 

a — Two  Electron  Atom,  If  there  are  only  two  electrons  in  the 
ring,  it  is  evident  that  they  must  take  positions  at  the  extremi- 
ties of  the  same  diameter  of  the  orbit  on  opposite  sides  of  the 
nucleus  of  the  atom,  which  may  now  be  imagined  at  the  center. 
For  a  stable  position,  both  the  radial  component  of  the  force 
and  the  tangential  component  must  vanish,  otherwise  there 
would  result  both  a  change  in  the  radius  of  the  orbit  and  an 
acceleration  along  the  orbit,  neither  of  which  conditions  represent 
a  steady  state.  In  such  an  atom,  consisting  of  a  nucleus  and 
just  two  electrons,  I  have  calculated  the  total  radial  force  on  one 
electron,  including  that  due  to  the  nucleus,  that  due  to  the  other 
electron  and  that  due  to  the  centrifugal  force  of  the  electron 
itself.  This  is  shown  in  the  curve  I  on  the  slide.  The  equation 
for  the  radial  force  is 

There  are  two  radii  at  which  the  radial  force  vanishes,  the  one 
about  2  X  10-w  cm.  and  the  other  at  1.85  X  10-»  cm.  In 
between  these  values  the  force  is  negative,  signifying  an  attrac- 
tion of  the  electron  towards  the  nucleus,  and,  for  all  values  greater 
or  smaller  than  this,  the  force  is  positive,  signifying  repulsion. 
From  this  it  is  evident  that  the  larger  root  corresponds  to  an 
unstable  position,  and  the  smaller  root  to  the  only  stable  position. 
This  result  entails  some  very  radical  consequences  as  regards 
atomic  theory,  some  of  which  must  be  referred  to  here. 

In  the  first  place  it  makes  the  order  of  magnitude  of  the  radius 
of  the  orbit  of  the  electrons  10"^"  instead  of  the  much  larger 
order  10"*  cm.  given  by  the  Bohr  theory. 
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In  the  second  place,  by  omitting  the  forces  due  to  the  motion 
of  the  rings  of  electrons,  the  «*  j8V2a*  term  in  the  equation, 
and  by  taking  into  account  the  electrostatic  forces  only,  and 
balancing  these  against  the  centrifugal  forces  as  Bohr  does,  the 
ordinary  conditions  for  planetary  motion  as  in  a  solar  system 
obtain,  except  that  there  is  repulsion  instead  of  attraction  between 
the  planets.  He  has  made  use  of  the  following  theorem  which 
applies  quite  generally  to  all  such  systems  "In  every  system 
consisting  of  electrons  and  positive  nuclei,  in  which  the  nuclei 
are  at  rest  and  the  electrons  move  in  circular  orbits  with  a 
velocity  small  compared  with  the  velocity  of  light,  the  kinetic 
energy  will  be  numerically  equal  to  half  the  potential  energy." 

It  is  the  use  of  this  theorem  that  has  to  be  abandoned  because 
of  the  neglect  of  the  forces  due  to  the  motion  of  the  ring.  By 
the  help  of  this  theorem  Dr.  Bohr  was  led  to  adopt  the  equal 
angidar  moment  of  momentum  hypothesis  for  each  and  every 
electron  in  all  atoms,  which  he  stated  as  follows,  ''in  any  mole- 
cular system  consisting  of  positive  nuclei  and  electrons  in  which 
the  nuclei  are  at  rest  relative  to  each  other  and  the  electrons  move 
in  circular  orbits,  the  angular  momentum  of  every  electron 
round  the  center  of  its  orbit  will  in  the  permanent  state  of  the 
atoms  be  equal  to  h/2  tt,  where  h  is  Planck's  constant."  This 
theorem  is  derived  directly  from  the  preceding  theorem  and 
fails  when  it  fails. 

The  reason  for  obtaining  such  different  results  by  a  strict 
application  of  electromagnetic  theory  is  apparent.  The  diflS- 
culty  at  the  time  Dr.  Bohr. first  published  this  theory  in  July 
1913-  was  that  there  was  no  available  expression  for  the  forces 
due  to  the  motion  of  the  ring,  but  now,  the  general  equation 
referred  to  above  has  supplied  this.  It  appears  that  there  is  a 
term  in  the  force  e*  j8*/2  a*  due  entirely  to  the  motion  of  the  ring, 
that  coming  from  the  magnetic  component  in  the  general  equa- 
tion, which  varies  inversely  as  the  third  power  of  the  radius, 
and  directly  as  the  fourth  power  of  the  velocity  in  terms  of  that 
of  light.  This  term  has  not  been  pointed  out  before.  It  is  a 
repulrfve  force  and  very  small  at  distances  anything  like  lO"* 
cm.  but,  because  it  varies  as  the  inverse  cube  of  the  distance,  it 
is  evident  that  it  rapidly  increases  the  smaller  the  radius,  and 
must  overtake  in  size  any  term  that  varies  inversely  as  the  square 
of  the  distance,  namely  the  electrostatic  forces  that  Bohr  used. 
It  is  where  the  balance  between  these  two  kinds  of  terms  is  ef- 
fected that  we  obtain  the  stable  position  of  the  orbit. 
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For  complete  equilibrium,  as  was  stated,  the  tangential  force 
of  one  electron  upon  the  other  must  also  vanish.  This  subject 
has  been  discussed  in  that  now  classical  work  on  ''Electromagnetic 
Radiation,"  by  G.  A.  Schott.  He  has  derived  an  expression  for 
the  sum  of  the  forces  upon  one  electron  in  a  ring  due  to  all  the 
others  in  the  ring,  but  it  is  not  given  in  a  form  that  is  easy  to 
use,  involving  as  it  does  the  use  of  Bessel's  functions,  and  stmima- 
tions.  However,  oiu*  two  restilts  are  based  upon  the  same  prem- 
ises, although  expressed  in  different  form,  and  they  shotdd 
agree.  They  do  agree  in  so  far  as  a  comparison  has  been  pos- 
sible, which  gives  some  assurance  that  both  are  correct.  Now 
these  tangential  forces  can  never  be  zero  as  Schott  points  out, 
unless  we  also  take  into  account  the  force  that  the  one  electron 
exerts  upon  itself.  The  other  electrons  in  the  ring  exert  forces 
on  the  one  in  such  a  direction  as  always  to  accelerate  the  motion 
of  the  one  electron,  thus  doing  work  upon  it.  The  one  electron 
exerts  an  exactly  equal  and  opposite  force,  and  thus  makes  the 
total  tangential  force  zero.  In  other  words  it  requires  some 
energy  to  keep  the  ring  in  motion.  Strangely  enough,  however, 
it  requires  much  less  the  greater  the  number  of  electrons  in  the 
ring. 

b^Regulation  of  Speeds  of  Rings  in  Electromagnetic   Theory. 

In  electromagnetic  theory,  it  is  not  possible  to  conceive  of  a 
single  electron  moving  alone  through  the  ether,  sending  out  from 
itself  a  wave  of  energy  in  all  directions  and  still  keeping  up  an  un- 
diminishing  velocity,  unless  the  electron  is  itself  changing  in 
some  way.  There  must  be  a  source  of  this  supply  of  energy,  to 
supply  the  energy  radiated,  and  lost  to  the  electron.  Schott  has 
accounted  in  a  beautiful  manner  for  the  regulation  of  the 
speed  of  electrons  in  rings.  The  regulator  acts  through  the 
medium  of  these  tangential  forces,  and  Schott  has  shown  that 
the  peculiar  nature  of  these  forces  is  such  that  the  velocity  of  the 
electrons  in  a  ring  will  remain  substantially  a  constant,  or  sub- 
ject to  very  small  variation  for  comparatively  great  changes  in 
the  radius  of  the  orbit.  This  refers  to  the  actual,  not  to  the 
angular  velocity. 

It  is  not  easy  in  a  talk  of  this  kind  to  carry  you  along  so  that 
the  reasons  for  certain  conclusions  have  much  force,  partly 
because  there  are  many  related  matters  that  have  a  direct 
bearing  upon  any  given  one.  Suffice  it  to  say  here  that  there 
are  strong  reasons  to  believe  that  the  regulation  of  the  speeds  of 
rings  of  electrons  is  accomplished  in  the  manner  indicated  by 
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electromagnetic  theory  as  pointed  out  by  Schott.  The  ground 
is  taken  here  that  this  loss  of  energy  by  radiation  is  excessively 
small,  too  small  to  be  detected  by  any  means  as  yet  at  our  dis- 
posal, and  that  no  observations  connected  with  the  quantum 
theory  are  in  the  least  affected  by  its  existence. 

c — Velocity  of  the  Ring, 

d — Line  spectra  and  Rydberg's  Constant. 

Let  us  next  consider  some  of  the  consequences  of  the  law  of 
radial  force  which  you  have  seen  in  the  curve.  It  may  now  be 
stated  that,  in  order  to  get  this  curve  ntimerically,  the  velocity 
of  the  electron  in  its  orbit  had  to  be  known  for  the  different 
radii,  and,  in  accordance  with  the  above  statement,  the  velocity 
in  the  orbit  has  been  taken  as  approximately  constant  for  all 
radii  between  the  two  roots  of  the  equation.  The  velocity  of 
an  electron  in  any  ring,  according  to  these  ideas,  may  always  be 

taken  equal  to  p  -75- ,  where  p  is  the  number  of  electrons   in 

the  ring,  e  the  charge  of  the  electron,  and  A  Planck's  constant. 
The  justification  for  the  use  of  this  value  is  that  it  leads  to  pre- 
cisely the  same  equations  for  line-spectra  of  hydrogen  and 
helium  as  Bohr  gives,  which  agrees  very  closely  with  observed 
spectra.  It  may  be  remembered  that  the  derivation  of  Ryd- 
berg's  constant  (the  constant  connected  with  light  spectra)  in 
terms  of  the  charge  on  the  electron  and  Planck's  constant  has 
been  one  of  the  most  cogent  reasons  for  adhering  to  the  Bohr 
theory.     The  expression  for  Rydberg's  constant  is 


K-- 


A» 


The  force  of  the  argument  is  that,  when  the  values  of  the 
constants  on  the  right  determined  by  physicists  in  a  number  of 
different  ways  are  substituted  in  this  expression,  we  ob- 
tain a  niunber  3.294  X  10".  The  Rydberg  constant,  ob- 
tained by  entirely  independent  observations  on  light  spectra 
is  found  to  be  3.290  X  10".  Unless  this  expression  were  based 
upon  a  truth  the  chances  are  that  no  such  agreement  as  this 
would  be  found.  I  will  not  be  able  to  devote  the  time  here 
to  a  demonstration  of  the  following  statements,  but  will  merely 
state  that  the  modifications  above  discussed  lead  to  precisely 
the  same  expression  for  Rydberg's  constant  as  the  above,  in- 
cluding also  the  equations  for  the  line  spectra  of  hydrogen  and 
helium.     The   new  ideas  are  thus  not  a  step  backwards,  but, 
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when  it  is  stated  that  I  get  in  a  similar  manner  to  the  above  an 
expression  in  terms  of  the  properties  of  the  electrons  for  the 
Newtonian  constant  of  gravitation  that  agrees  just  as  closely 
with  the  value  of  this  constant  as  determined  by  the  astronomers, 
it  will  be  seen  that  this,  when  added  to  the  Rydberg  constant 
greatly  strengthens  our  position,  thus  being  a  step  forward. 

e — Energy  of  Separation  of  Ring  from  Nucleus.  We  may 
easily  calculate  from  the  force-curve  the  energy  that  is  required 
to  separate  the  ring  of  electrons  from  the  nucleus  from  one 
radius  to  another  separating  both  electrons  together.  This 
energy  curve  is  shown  as  curve  II.  A  minimum  point  of  the 
energy  curve  occurs  where  the  force  is  zero.  From  this  point 
outwards  we  have  to  supply  the  energy  to  pull  the  electrons 
away  from  the  nucleus  and  from  each  other,  but  beyond  the 
larger  root  (not  seen  on  the  chart)  where  the  force  changes 
sign  to  a  repulsion,  the  system  will  do  work  upon  the  electrons. 
Suppose,  for  example,  that  we  supply  from  some  outside  soiu'ce 
enough  energy  to  separate  the  electrons  from  their  normal  orbit 
at  2  X  10-"  to  1.85  X  lO"*  cm.  The  electrons  will  arrive  there 
with  little  or  no  velocity,  all  of  this  energy  having  been  used  up, 
but,  after  that,  the  reptdsive  force  of  the  system  begins  to  act, 
and  it  will  accelerate  the  outward  speed  of  the  electrons  until 
the  fixed  amount  of  energy  which  corresponds  to  the  separation 
from  1.85  X  10"*  to  an  infinite  distance  has  all  been  converted 
into  kinetic  energy. 

VII.  Electrons  Ejected  From  Atoms  With  High  Velocity 
It  is  calculated,  in  the  particular  case  of  the  ring  of  two  and 
a  nucleus  of  two,  that  the  velocity  thus  acquired  is  nearly 
1/20  of  the  velocity  of  light.  With  a  ring  of  four  and  with  a 
larger  nucleus,  the  velocity  will  be  greater  than  this. 

In  radioactive  substances  it  has  been  experimentally  observed 
for  some  years  that  electrons  are  projected  out  from  them  with 
velocities  that  approach  very  close  indeed  to  that  of  light,  98 
or  99  per  cent  of  it.  In  the  atoms  in  their  normal  condition 
it  has  never  been  supposed  that  the  electrons  have  velocities 
anything  like  as  great  as  that  of  light,  and  this  theory  has  now 
given  a  valid  reason  why  there  may  be  a  great  increase  in  the 
velocity  when  electrons  are  ejected  from  atoms. 

VIII.  X-Ray  Spectra 
In  the  Bohr  theory  as  has  been  stated  above,  there  are  sup- 
posed  tP  h^  §eyeral_steady  states  of  the  orbits  which  differ 
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according  to  the  yalues  of  an  integer,  r.  In  his  theory  the  radii 
of  these  orbits  increase  with  r,  as  the  squares  of  the  integer, 
1,  4,  9,  16,  etc.,  and  there  is  supposed  to  be  a  definite  change  in 
the  kinetic  energy  of  the  electron  from  orbit  to  orbit.  All  of 
these  results  came  about  due  to  the  neglect  of  the  forces  due  to 
the  motion  of  the  electrons.  When  these  are  taken  into  the 
account,  we  have  no  change  in  kinetic  energy  from  orbit  to  orbit, 
but  the  energy  change  is  of  the  nature  of  potential  energy,  the 
work  done  in  separating  the  electrons  against  the  radial  forces 
shown  by  the  curve.  It  may  be  stated  that  we  now  get  a  very 
different  series  of  radii  from  those  of  the  Bohr  theory.  The 
radius  of  the  orbit  for  all  values  of  r  from  one  to  infinity  never 
departs  very  far  from  the  minimum  point  of  the  energy  curve. 
We  can  find  these  radii  corresponding  to  any  value  of  r  by 
drawing  a  horizontal  line  across  at  a  height  just  above  the  mini- 
mtun  point  of  the  curve  equal  to  the  known  value  of  the  total 
energy  to  separate  the  electron  to  an  infinite  distance  from  the 
nucleus.  Such  a  line  is  drawn  in  the  second  slide,  which  shows 
this  same  minimum  point  of  the  energy  ciu^e  to  an  enlarged 
scale.  Lines  are  drawn  for  r  =  2,  3  and  » ,  r  =  1  corresponds 
to  the  minimum  point  itself.  Each  line  cuts  the  curve  in  two 
points,  and  each  point  of  intersection  corresponds  to  the  proper 
radius  of  the  orbit  for  that  value  of  r.  Instead  of  a  single  value 
of  the  radius  as  in  the  Bohr  theory  there  are  two  possible  values. 
I  fully  realize  that  it  is  not  possible  to  make  the  reasoning 
on  this  matter  appeal  to  you  in  the  brief  time  at  my  disposal, 
but  these  results  carry  such  important  consequences  that  I  could 
hardly  avoid  referring  to  them.  They  throw  much  light  upon 
an  experimental  observation  that  has  received  no  good  explana- 
tion in  terms  of  atomic  theory.  I  refer  to  the  charts  of  the 
x-ray  spectra  of  the  elements  as  observed  by  Moseley.  These 
were  shown  here  last  year  I  believe.  Moseley  shows  a  group  of 
four  lines  close  together  which  he  l^s  named  the  a,  jS,  (f>  and  y 
lines  in  the  L  series,  and  in  the  K  series,  the  a  and  /8  lines. 
There  has  never  been  any  clear  understanding  why  there  should 
be  such  a  grouping  of  lines  in  the  x-ray  spectra.  This  theory 
gives  a  reason  for  it,  and  enables  us  to  approximate  to  the  posi- 
tions of  the  lines.  Bearing  in  mind  that  the  orbital  velocity  is 
constant  for  varying  radii,  and  that  the  velocity  in  a  circular 
orbit  is  equal  to  2  w  a  n,  it  is  evident  that  the  orbital  frequency 
is  inversely  proportional  to  the  radius  in  this  theory.  So  also 
is  the  x-ray  frequency  inversely  as  the  wave  length,  X.     If, 
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then,  the  x-ray  frequency  is  connected  with  the  orbital  frequency 
in  a  proportional  manner,  which  is  very  probable,  then  the 
x-ray  wave  lengths  should  be  proportional  to  the  radii  of  the 
orbits.  A  comparison  between  the  observed  wave-lengths  for 
the  element  europium,  which  happens  to  be  the  heaviest  element 
for  which  Moseley  has  shown  all  four  lines  in  the  L-series,  and 
the  radii  as  estimated  for  values  of  r  =  1,  2,  3  and  <»  is  shown 
in  the  next  slide.  The  general  agreement  is  too  close  to  be  purely 
accidental. 

In  support  of  this  view  of  the  origin  of  this  group  of  lines  is 
the  fact  that  they  all  run  along  in  a  parallel  fashion  without  any 
cross-overs  or  intersections.  You  can  see  by  the  way  the  spa- 
cings  are  derived  from  the  energy  curve  that  any  intersections 
of  the  lines  in  Moseley's  chart  would  be  fatal  to  this  view  of  the 
matter.  There  is  another  interesting  matter  that  this  explana- 
tion involves.  The  radii  f or  r  =  1  are  slightly  larger  than  for 
r  =  » ,  so  that  the  radii  decrease  slightly  instead  of  increase 
for  an  increase  in  r,  but  the  amount  of  the  total  change  is  quite 
small.  That  is,  we  use  the  values  on  the  left  of  the  minimtun 
point  of  the  energy  curve  instead  of  those  on  the  right.  In  the 
Bohr  theory  the  radii  increase  with  r,  and  as  the  squares  of  the 
integers,  as  1,  4,  9,  16  etc. 

IX.  Ionizing  Voltages 
Without  attempting  here  to  give  any  derivation  of  it,  I  will 
merely  state  that  the  theory  gives  a  formula  of  a  very  simple 
kind  for  the  voltages  that  are  required  to  ionize  a  gas  and  to 
start  radiation.  This  is  limited  as  yet  to  gases  having  atoms 
with  single  rings  of  electrons  like  hydrogen  and  helium.  A 
considerable  amount  of  experimental  work  has  been  done  re- 
cently on  hydrogen  on  account  of  the  interest  in  it  from  the  stand- 
point of  the  Bohr  theory.  The  voltages  required  the  tear 
electrons  off  from  the  nucleus  and  to  drive  them  entirely  away 
from  the  atom,  thus  leaving  the  atom  charged  and  making 
what  is  called  on  ion  of  it,  can  be  measured  experimentally. 
The  theoretical  formvila  is 

F  =  3.3844  X  -^, 

T 

where  p  is  the  ntmiber  of  electrons  in  the  ring  and  r  an  integer. 
This  subject  alone  is  large  enough  to  occupy  the  whole  evening, 
if  it  were  gone  into  in  detail,  so  we  must  content  ourselves  with 
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saying  that  the  theory  gives  all  of  the  values  approximately  for 
hydrogen  that  have  been  observed,  including  a  very  recent 
value  between  15  and  16  volts  which  the  Bohr  theory  gives  no 
account  of.  It  also  gives  values  for  helium  much  nearer  to  the 
observed  values  than  the  Bohr  theory.  It  seems,  however,  that 
helium  has  not  been  so  exhaustively  investigated  experimentally 
as  hydrogen  in  this  respect. 

X.  Theory  of  Crystal  Structure 
Let  us  now  pass  to  some  results  of  a  very  different  kind  that 
have  been  derived  from  the  general  equation.  I  refer  to  the 
theory  of  crystal  structure.  By  means  of  the  x-rays  you  are 
aware  that  it  has  been  possible  to  find  the  exact  location  of  the 
centers  of  the  atoms  of  which  a  crystal  is  composed.  This 
method  was  discovered  by  Prof.  Laue,  and  first  published  in  a 
paper  by  Laue,  Friederick,  and  Knipping.  I  shall  confine  these 
remarks  to  a  few  of  the  simplest  forms  of  crystals  belonging  to 
the  cubic  or  isometric  system.  In  all  of  these  the  general  arrange- 
ment of  the  atoms  is  in  equilateral  triangles  in  a  plane.  The 
whole  crystal  is  built  up  by  many  separate  planes  of  atoms  all 
similarly  arranged  in  each  plane.  I  have  brought  here  a  number 
of  models  to  help  give  you  an  idea  of  the  space  lattice  arrange- 
ment in  four  of  the  important  classes  of  crystals  belonging  to 
the  cubic  system.  Without  models  it  is  not  very  easy  to  make 
much  progress  in  understanding  crystal  structure.  In  each  one 
of  them  you  will  observe  that  the  fundamental  arrangement  is 
the  equilateral  triangle.  The  several  planes  of  such  triangles 
are  related  in  several  possible  ways,  which  makes  the  character- 
istic differences  in  the  resultant  space  lattice. 

a — Directions  of  Axes  of  Atoms  in  a  Crystal.  According  to 
our  ideas  of  atoms  each  has  an  individual  axis  of  revolution, 
being  determined  by  the  common  plane  of  the  orbits  of  the 
electrons  revolving  around  the  nucleus.  If  we  fix  the  attention 
upon  just  two  atoms  whose  axes  point  in  different  directions, 
the  equations  of  electromagnetic  force  show  that  there  is  a  tend- 
ency of  the  one  atom  to  turn  the  plane  of  that  of  the  other  until 
they  become  parallel  to  each  other  before  complete  equilibrium 
is  established.  Now  the  angle  between  the  directions  of  the  axes 
of  the  two  orbits  is  one  of  the  quantities  that  is  contained  in 
the  general  equation,  and  unless  we  know  the  directions  of  the 
axes,  we  cannot  calculate  the  force  by  means  of  that  equation. 
Fortunately,  it  has  been  possible  to  find  the  directions  of  all 
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the  axes  of  the  atoms  because  of  the  symmetry  of  the  crystals, 
coupled  with  the  knowledge  that  each  atom  in  the  whole  struc- 
ture tends  to  turn  the  direction  of  the  axis  of  rotation  of  every 
other  atom.     Any  one  atom  feels  the  turning  effect  of  all  the 
others,  and  it  is  only  the  resultant  of  them  all  that  determines 
the   position  of  any  given  axis.     Now,  without  knowing  how 
much  the  tendency,  to  turn  the  axis  is,  it  is  evident  that  if  three 
atoms,  which  are  just  alike,  are  placed  at  equal  distances  from 
the  given  atom  having  their  axes  properly  directed,  they  may 
annul  one  another  and  have  no  turning  effect  upon  the  given 
atom.     Without  going  into  the  history  of  all  the  troubles  that 
presented  themselves  before  a  solution  of  this  question  was 
found,  I  have  a  model  which  shows  you  an  arrangement  of  the 
axes  of  the  atoms  in  one  of  the  equilateral  triangular  planes, 
and  can  prove  to  your  satisfaction  that  this  particular  arrange- 
ment makes  the  total  turning  moment  hold  each  axis  in  the 
crystal  in  just  the  position  indicated  by  this  model.     In  this 
model  there  are  only  four  directions  of  the  axes.     One  quarter 
of  them  all  is  parallel  to  one  given  direction,  a  second  quarter 
to  another,  and  so  for  the  whole.     These  four  directions  are  the 
directions  of  the  medial  lines  of  a  regular  tetrahedron,  or,  which 
is  the  same  thing,  the  four  diagonals  of  a  cube.     I  have  placed 
colored  strings  in  the  models,  one  string  passing  through  each 
atom  to  indicate  the  direction  of  its  axis  in  exact  accord  with 
the  plane  model.     You  will  find  upon  studying  the  models  that 
each  of  the  parallel  planes  has  atoms  with  their  axes  arranged 
exactly  like  the  plane  model.     Taking  all  these  planes  together 
you  see  that  every  atom  has  the  direction  of  its  axis  fixed.     But, 
again,  you  will  observe  that  each  model  can  be  turned  in  any 
one  of  four  different  positions  so  that  a  different  set  of  planes 
each  time  makes  up  the  whole  crystal.     And  no  matter  in  which 
of  these  four  ways  you  turn  the  model  the  relative  directions  of 
the  axes  is  precisely  the  same  as  in  the  plane  model.     In  doing 
this  we  have  really  counted  each  atom  four  times,  and  every 
time  the  direction  of  its  axis  is  right.      Had  some  different 
arrangement  of  the  axes  been  adopted  for  the  plane  model  it 
would  not  have  turned  out  that  you  could  turn  these  models 
in  any  one  of  four  directions  and  then  found  that  the  individual 
planes  were  the  same  as  in  the  original  model.     In  other  words 
the  possible  niunber  of  arrangements  of  the  axes  in  any  plane  is 
very  limited,  and  it  is  my  belief  that  this  is  the  only  possible 
arrangement  that  will  satisfy  the  condition  that  the  turning 
moments  shall  be  zero. 
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b — Order  of  Magnitude  of  the  Radii  of  the  Orbits.  Having 
found  the  directions  of  the  axes,  but  not  before,  it  is  possible  to 
apply  the  general  equation  to  determine  the  total  force  on  an 
atom  due  to  all  the  rest  in  the  crystal.  When  the  expression 
for  the  force  thus  obtained  is  equated  to  zero  for  the  stable  eqtii- 
libriiun  condition,  the  only  two  unknown  quantities  that  remain 
are  properties  of  the  atoms  themselves,  viz.,  the  sum  of  the 
squares  of  the  radii  of  the  orbits  of  the  electrons  in  the  atom  in 
question  on  the  one  hand,  and  the  sum  of  the  products  of  the 
radius  by  the  velocity  for  each. 

In  other  words,  starting  from  the  known  dimensions  of  the 
space-lattice  forms  in  certain  crystals,  and  knowing  the  kind  of 
atoms  there  are  at  each  point  of  the  lattice,  we  may,  by  an  appli- 
cation of  electromagnetic  theory,  arrive  at  some  knowledge  of 
the  sizes  of  the  orbits  of  the  electrons  themselves  within  the 
atoms. 

Without  giving  you  the  process  in  detail,  the  results  may  be 
briefly  stated.  The  sum  of  the  squares  of  the  radii  found  in 
this  way  show  a  gradual  increase  with  heavier  and  heavier  atoms 
according  to  a  definite  curve,  but  the  order  of  magnitude  of  the 
radii  lies  between  10"*^  and  10"^  cm.  This  agrees  well  with 
the  value  found  in  an  entirely  different  way  for  hydrogen. 

c — Some  Kinds  of  Atoms  Show  Two  Possible  Values  of  Their 
Radii.  This  theory  has  been  applied  to  twenty  different  crys- 
tals, minerals,  containing  in  all  as  many  separate  elements  in 
different  combinations.  The  same  element,  say  chlorine  or 
svilphur,  occurs  in  several  of  these  crystals.  It  may  be  regarded 
as  a  confirmation  of  the  theory  that  the  same  values  are  obtained 
for  the  same  kind  of  atom  no  matter  in  which  crystal  it  occurs. 
This  brings  out  a  point  of  very  great  interest,  because  the  above 
statement  is  not  universally  true.  For  example,  the  element 
svilphur  occurs  in  four  of  the  crystals,  zincblende,  Z  n  S,  iron 
pyrites,  F  e  S2,  manganblende,  M  n  S,  and  galena,  P  b  S.  We 
get  the  same  value  for  the  radii  for  the  sulphur  atom  from  three 
of  these  crystals,  but  a  different  value  in  galena,  P  b  S.  The 
nimierical  relation  between  the  sums  of  the  squares  of  the  racjii 
in  the  two  cases  is  2*/^^  the  sulphur  in  galena  being  of  smaller 
radius  than  the  others.  In  a  similar  manner  several  other 
crystals  give  different  values  for  the  same  element,  and  they 
always  differ  by  precisely  this  same  factor  2*/3.  The  result  is 
very  suggestive  as  indicating  that  the  same  atom  may  have  at 
least  two  different  states,  differing  in  the  size  of  the  radii  of  the 
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orbits,  but  without  affecting  the  weight.  It  is  possible  to  see 
by  looking  back  at  the  equation  for  the  radial  force  for  the 
single  ring  of  two  electrons,  where  there  were  two  roots  at^  each 
of  which  the  radial  force  is  zero,  that  the  more  complex  equation 
for  atoms  with  several  concentric  rings  might  give  more  than 
two  roots,  and  of  these  there  might  be  more  than  one  stable 
position  for  the  radii.  This  is  a  thing  that  we  might  expect 
from  our  knowledge  of  atoms  in  chemistry.  There  are  different 
kinds  of  sulphur  atoms,  having  different  valencies,  and  so  with 
some  other  atoms.  It  is  most  important  to  observe  though  that 
the  weights  of  these  atoms  are  the  same.  Electromagnetic 
theory  throws  much  light  upon  this  matter,  as  we  shall  presently 
show. 

d — Rigidity  and  Bulk — Modulus.  We  will  conclude  the  re- 
marks on  crystals  with  the  statement  that  the  forces  which 
have  been  obtained  give  a  very  good  reason  for  the  rigidity  of 
crystals,  and  the  resistance  they  offer  both  to  change  of  shape 
and  change  of  volume.  The  estimated  value  of  the  bulk  modulus 
is  of  the  same  order  of  magnitude  as  the  experimental  values. 

XL  Atoms  at  a  Great  Distance 
There  is  another  matter  to  which  the  general  equation  has  been 
applied,  which  I  have  left  until  the  last,  although  it  would  have 
been  most  natural  to  place  it  first,  as  being  perhaps  the  simplest 
application  of  the  equation.  The  question  is  what  effect  will 
two  atoms  have  upon  each  other  according  to  the  equation  when 
the  distance  between  them  is  very  large,  say  one  centimeter  or 
more.  It  may  be  shown  that  all  of  the  electrostatic  forces  between 
two  neutral  atoms  at  a  great  distance  exactly  cancel  out  until  we 
come  to  terms  involving  the  inverse  sixth  power  of  the  distance. 
Each  atom  has  in  effect  a  zero  charge  at  these  great  distances, 
and  the  only  part  of  the  forces  that  we  have  to  calculate  arises 
from  the  motion  of  the  electrons  in  their  orbits.  In  the  final 
analysis,  therefore,  to  get  the  whole  mechanical  force  between 
the  atoms,  we  have  to  find  the  average  mechanical  force  that 
one  single  electron  in  the  second  atom  exerts  upon  another  in 
the  first  atom.  The  total  force  is  evidently  merely  the  siun  of 
a  ntunber  of  such  expressions,  the  ntunber  depending  upon  how 
many  different  pairs  of  electrons  there  happen  to  be  in  the  two 
atoms  considered.  If  it  happens,  as  it  does,  that  the  force  due 
to  any  one  pair  of  electrons  gives  us  a  quantity  that  is  not 
cancelled  out  by  that  due  to  another  pair,  we  obviously  get  a 
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real  resultant  force  between  the  two  atoms.  We  know  that  such 
a  force  exists  in  fact,  the  gravitational  force,  and  we  shovild  be 
interested  to  compare  the  force  given  by  the  equations  with 
the  actual  known  force. 

a — Problem  of  Two  Electrons,  Average  Force,  In  order  to 
solve  this  problem  for  two  electrons  only  it  was  necessary  to 
obtain  the  average  force  between  the  two  electrons  taken  over 
a  very  long  time,  a  large  number  of  revolutions.  The  only  way 
as  yet  found  to  do  this  is  to  develop  the  equation  into  an  infinite 
series  of  powers  of  the  distance  between  the  centers  of  the  two 
atoms,  and  then  average  the  separate  terms.  The  restdt  is  that 
the  series  contains  all  powers  of  the  inverse  distance  between 
centers,  beginning  with  the  first  power,  and  so  on.  Moreover, 
the  force  is  not  in  the  direction  of  the  line  joining  the  centers  of 
the  two  atoms.  This  is  easily  understood  when  it  is  remembered 
that  the  force  between  the  two  electrons  in  the  original  equation 
is  not  in  this  direction. 

b — Force  Resolved  Along  the  Line  Joining  the  Centers  of  the 
Orbits.  We  are  interested,  however,  in  the  component  of  the 
total  force  that  is  in  this  direction,  and  hence  the  total  force  has 
been  resolved  in  the  direction  of  the  centers.  The  part  at  right 
angles  to  this  does  not  interest  us  because  it  will  all  be  cancelled 
out  by  the  action  of  the  electrons  in  other  atoms  turned  in  every 
possible  direction. 

Now  it  results  in  the  process  of  resolving  the  force  along  the 
center  line,  that  the  first  term  of  the  series,  the  inverse  first 
power  term,  cancels  out  leaving  it  to  begin  with  the  inverse  square, 
and  higher  powers.  Moreover,  because  the  distance  between 
the  atoms  is  assiuned  to  be  great,  all  of  the  inverse  higher  powers 
are  evidently  negligible,  so  that  the  total  force  varies  inversely 
as  the  square  of  the  distance  between  the  atoms.  The  resulting 
force-equation  is  of  sufficient  interest  to  give  in  full. 

/?  =  I  ei  ea  jSaMl  -  (-  ^  sin  a  +  Z  cos  aY\  fK        (1) 

Here  e  is  the  charge  on  the  electron;  02  the  ratio  of  the  velocity 
of  the  second  electron,  the  force  of  which  we  are  getting,  to  that  of 
light  i-X"  and  Z  are  direction  cosines  determined  by  the  position  of 
the  center  of  the  second  orbit;  a  the  angle  between  the  directions 
of  the  two  axes  of  rotation,  and  r  the  distance  between  the 
centers  of  the  orbits. 

c — Simplification  of  Result  in  Case  of  Two  Masses  of  Matter, 
Let  us  apply  this  equation  to  two  electrons,  one  in  each  of  two 
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atoms  of  any  gas,  liquid  or  solid,  crystals  excepted.  At  any 
given  moment  the  axes  of  the  two  orbits  may  be  turned  in  any 
possible  directions  relative  to  each  other,  so  that  the  theory  of 
probabilities  must  be  applied,  because  it  is  the  force  on  the 
average  that  we  require.  When  this  is  done,  it  is  shown  that 
the  quantity,  within  the  brace  becomes  2/3,  and  hence  the 
average  force  on  the  first  electron  due  to  the  second  becomes  the 
very  simple  expression 

F  =  I  «i  e2  i8i«  r-K  (2) 

This  expression  is  in  the  form  of  the  law  of  gravitation  in  two 
respects.     First,  it  always  gives  an  attraction,  and  second,  it 
varies  inversely  as  the  square  of  the  distance.     Before  inquir- 
ing into  the  magnitude  of  the  force,  let  us  apply  the  equation 
to  the  only  kind  of  matter  not  included  above,  namely  crystals. 
d — Attraction  Independent  of  the  Orientation  of  the  Axes  of  a 
Crystal,    We  have  seen  that  there  are  but  four  different  direc- 
tions for  all  the  axes  of  the  atoms  in  a  crystals  so  far  as  the  theory 
of  crystals  has  been  developed.    Would  we  obtain  the  same  result 
as  before  using  these  four  directions  only  ?     If  not,  the  theoretical 
attraction  between  two  crystals  would  show  some  differences 
at  the  same  distance  when  they  are  turned  about  in  different 
directions.     The  experimental  evidence  is  that  the  gravitational 
attraction  shows  no  difference  in  any  direction,  and,  consequently, 
if  the  force  is  to  be  identified  with  that  of  gravitation,  it  is  neces- 
sary that  the  terms  involving  the  directions  of  the  axes  in  this 
parenthesis  should  give  the  same  result  as  above  even  in  the 
case  of  a  crystal.      It  has  been  possible  to  show  that  they  do, 
and  this  circumstance  is  due  to  the  fact  that  the  axes  in  the 
crystal  are  all  parallel  to  the  four  medial  lines  of  a  regular 
tetrahedron. 

e — A  New  Geometrical  Theorem  Obtained  from  Physical  Con- 
siderations. There  is  an  interesting  incident  in  this  connec- 
tion. The  equation  showed  that  the  following  geometrical 
proposition  must  be  true  if  the  force  is  to  be  independent 
of  the  orientation  of  the  crystal.  "If  through  any  point  in  space 
four  lines  be  drawn  making  equal  angles  each  with  any  other 
(that  is  parallel  with  the  four  medial  lines  of  a  regular  tetra- 
hedron) and,  if  from  a  second  point  in  space,  at  a  distance  r 
from  the  first  point,  the  four  perpendiculars  be  drawn,  one  to 
each  of  the  said  four  lines,  then  the  sum  of  the  squares  of  these 
perpendiculars  is  constant  for  all  points  at  the  same  distance 
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from  the  first  point."  The  quantity  within  the  brace  of  equation 
(1)  is  equal  to  the  square  of  one  of  these  said  perpendicular  lines. 
The  truth  or  falsity  of  this  proposition  was  unknown  at  the 
time  of  arriving  at  the  conclusion  that  it  must  be  true  if  this  is 
the  proper  form  for  the  gravitational  force.  It  has  since  been 
proved  to  be  true,*  and  this  has  added  a  new  geometrical  theorem 
to  the  list,  as  it  was  unknown  to  the  mathematicians  to  whom 
it  has  been  submitted.  This  incident  of  a  mathematical  theorem 
deduced  in  this  physical  way  helps  to  show  that  we  may  be  on 
the  right  track  in  understanding  the  cause  of  the  force  of  grav- 
itation. 

We  see,  therefore,  that  the  force  tallies  in  every  way  with  the 
gravitational  force  except  in  the  matter  of  magnitude,  which 
will  next  be  considered. 

/ — Magnitude  of  the  Force.  As  you  have  seen  above  in  con- 
sidering hydrogen,  we  have  a  knowledge  of  the  probable  speed  of 
the  electrons,  and  there  is  nothing  else  in  doubt  that  we  need 
for  calculating  the  force,  since  the  charge  on  the  electron  is 
known.  Using  these  known  speeds,  the  force  calculated  from 
this  equation  comes  out  about  10**  times  greater  than  the  actual 
value  of  the  gravitational  force.  This  is  an  enormous  error  and 
cannot  be  accounted  for  by  assuming  any  mistake  in  the  velocity 
of  the  electrons  used.  The  result  is  very  significant  at  the  same 
time  because  the  calculation  indicates  a  force  10*^  times  greater, 
not  less,  than  the  actual  existing  attraction.  It  is  a  more  for- 
tunate result  than  it  would  have  been  had  the  calculated  force 
come  out  the  smaller  of  the  two  because  then  gravitation  might 
easily  be  attributed  to  something  else,  but,  as  it  stands,  we  are 
forced  to  question  the  truth  of  the  hypotheses  that  have  entered 
into  the  case.  What  are  they?  They  are  really  but  two. 
First,  that  the  atoms  are  structures  consisting  in  part  of  electrons 
revolving  in  circular  orbits,  or  approximately  circular  orbits  as 
you  please.  Second,  that  the  modern  Lorentz  form  of  electro- 
magnetic equations  applies  to  the  case. 

We  are  not  yet  ready  on  the  strength  of  any  electromagnetic 
theory  to  abandon  the  idea  that  electrons  describe  approximately 
circular  orbits  within  the  atoms.  It  is  easier  to  believe  that 
some  modification  in  the  present  form  of  electromagnetic  theory 
is  required.  Let  us  look  at  the  expression  for  the  average  force 
upon  one  electron  in  a  circular  orbit  due  to  another  a  little  more 
attentively.  We  have  already  seen  that  the  expression  gives  a  good 

♦The  proof  is  due  to  Prof.  P.  W.  Owens  of  Cornell  University. 
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acootint  of  itself  in  many  ways.  It  represents  always  an  at- 
traction, and  not  a  reptilsion,  and  obeys  the  inverse  square  law. 
It  also  shows  that,  when  such  forces  are  summed  up  for  two  crys- 
tals, the  result  is  independent  of  the  orientation  of  the  crystals. 
In  fact,  it  has  the  right  look  in  so  many  ways  that  I  have  been 
led  by  natural  steps  to  suppose  that  some  very  important 
factor  has  been  omitted  somehow  from  the  Lorentz  theory. 

g — Equation  of  Force  Unsymmeirical.  You  see  by  the  expres- 
sion (2)  that  the  speed  /3i  of  the  electron,  upon  which  we  are 
getting  the  force  is  not  present,  indicating  that  the  force  does 
not  depend  upon  the  velocity  of  the  first  electron.  If  we  should 
write  down  the  force  of  the  first  electron  upon  the  second  we 
wotdd  merely  put  jSi*  in  place  of  fi^.  Therefore,  unless  both 
these  velocities  were  the  same,  the  force  of  the  second  on  the 
first  Tvould  not  be  the  same  as  the  first  on  the  second.  This 
has  led  me  to  suspect  that  the  square  of  the  velocity  of  the  first 
electron  should  also  appear  in  the  force-formula.  The  order  of 
magnitude  of  this  is  10~*,  so  that  this  alone  could  not  possibly 
account  for  the  discrepancy  of  10"^^  above  mentioned.  It  re- 
duces the  discrepancy,  however,  to  10"*^.  Now  the  mass  of  the 
electron  itself  at  slow  velocities  is  .90X10"*^  grams.  If  the  mass 
of  the  electron  is  also  included,  equation  (1)  takes  the  very 
symmetrical  form 

F  =  ^  «i  e,  iSi^  jSa^  [1  -  (-  X  sin  a  +  Z  cos  aY]  r^,      (3) 

and  the  average  force  on  one  single  electron  due  to  another  is 

F  =  1^  «i  e,  i8i«  p,^  r-^,  (4) 

where  w©  is  the  mass  of  the  electron  at  slow  velocities,  and  K, 
the  specific  inductive  capacity  of  the  ether,  equal  to  tmity, 
has  been  introduced  for  the  sake  of  keeping  the  dimensions  of 
the  equation  right. 

h — When  a  Factor  is  Introduced  to  Make  the  Equation  Sym- 
metrical, the  Force-Equation  Agrees  With  the  Law  of  Gravitation. 
By  means  of  this  equation  we  may  easily  show  that  the  magni- 
tude of  the  attraction  agrees  to  a  surprising  degree  of  accuracy 
with  the  attraction  obtained  from  the  law  of  gravitation.  It  may 
be  applied  to  any  two  masses  of  matter  equally  well,  but  I  will 
illustrate  it  by  calculating  the  attraction  between  two  average 
atoms  of  hydrogen,  because  the  atomic  theory  gives  the  velocity 
of  the  electrons  in  the  atom.     When  the  formula  is  to  be  applied 
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to  two  masses  of  matter  containing  a  large  number  of  electrons, 
it  is  only  necessary  to  replace  the  /3i^  by  the  Si  j8*.  and  thejSj* 
byZj  j8*,  the  stimmations  being  taken  of  the  velocities  squared 
of  all  the  electrons  in  each  of  the  two  bodies  in  question.  The 
formvila  for  the  total  attraction  between  the  two  masses  then 
reads 

F=  j^cic^li  P'XtP'  r-\  (6) 

We  have  seen  above  that  the  value  of  j8*  for  any  single  ring 

of  electrons  is  p  -j^ji*  ^^^  ^^®  ^^^  ^^  ^  ^^^  ^^  ^^^  electrons  in 

the  ring  is  p  times  this.  If  we  are  writing  the  attraction  between 
two  atoms  of  hydrogen,  the  two  summations  in  (6)  are  the  same, 
and  we  get  by  substitution  of  the  above  value 

where  the  pu  denotes  the  number  of  electrons  in  the  hydrogen 
atom. 

If  this  force  is  to  be  identified  with  the  gravitational  force,  it 
should  be  numerically  equal  to  the  attraction  as  given  by 
Newton's  law,  which  is  usually  written 

F  =  km  m'/r\  (7) 

Putting  Wh  in  place  of  m  and  of  w',  as  denoting  the  mass  of  the 
hydrogen  atom,  this  becomes 

F=  knin^  r-^.  (8) 

Equating  (6)  and  (8),  as  being  different  expressions  for  the  same 
force,  the  r "^  cancels  out,  and,  dividing  through  by  m^,  we  find 
a  value  for*  p,      ^^     ^  ^,, 

The  K  is  omitted  because  it  is  unity  and  does  not  affect  the 
numerical  value,  and  also  because  it  is  not  at  all  certain  that  it 
should  not  also  appear  in  the  Newtonian  equation  (7). 
The  value  of  k  as  determined  by  the  astronomers  is  666.07 
X  10"*®.  In  the  right  member  occur  constants  that  have  been 
independently  determined  by  physicists.  The  following  values 
are  those  in  current  use, 
Wo  =  .90  X  10"^  grams  (From  Bucherer's  value  of  e/cmo  and 

Millikan's  value  of  e) 
Wh  =  1.662  X  10-2*  grams.  Millikan's  value. 
h  =  6.547  X  10-27  Planck's  constant.     Millikan's  value. 
c  =  2.9987  X  10-i«  cm  per  sec.  =  velocity  of  light. 
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If  with  these  values  we  use  for  e,  4.750  X  10~*^,  we  get  the  value 
of  k  exactly  as  determined  by  the  astronomers  above  given  by 
putting  p  -  2.  This  value  of  e  is  just  one  half  of  one  per  cent 
smaller  than  Millikan's  value  of  e  which  is  4.774  X  10-*^ 
Values  of  e  determined  by  other  observers  and  byother  methods 
vary  from  perhaps  4.65  to  4.81,  and  it  is  quite  possible  that 
4.750  is  a  very  accurate  value  of  e.  In  fact,  if  it  is  admitted 
that  equation  (9)  is  a  true  relation,  it  will  be  a  very  acciu-ate  way 
to  determine  e  itself,  because  the  value  of  k  is  accurately  known, 
and  we  would  get  a  value  of  e"  with  a  fair  degree  of  acciuracy, 
and  hence  would  have  e  with  precision. 

The  fact  that  the  number  of  electrons  in  the  ring  for  the  hydro- 
gen atom,  />H,  must  be  equal  to  2  to  satisfy  the  expression  for 
k  numerically  is  significant  as  indicating  again  that  hydrogen 
has  two  electrons  per  atom. 

The  argument  for  this  atomic  theory,  on  account  of  the 
numerical  agreement  with  the  Newtonian  constant,  is  of  the 
same  nature  as  the  argument  for  the  Bohr  theory  above  men- 
tioned, on  account  of  the  numerical  agreement  with  the  Rydberg 
constant;  but  it  is  doubly  cogent,  because  both  these  constants 
are  adduced  from  this  theory. 

i — Certain  Features  of  Electromagnetic  Theory  Brought  Into 
Question.  It  is  for  these  good  reasons  that  I  have  ventured  to 
question  the  correctness  of  certain  fundamental  assumptions  in 
the  current  form  of  electromagnetic  theory.  We  are  forced  to 
question  it  or  to  abandon  altogether  the  idea  that  the  electrons 
describe  drcvilar  orbits  within  the  atoms.  Of  the  two  alterna- 
tives, I  venture  to  think  that  the  proper  one  has  been  chosen. 
As  above  stated,  as  we  look  back  over  the  history  of  the  develop- 
ment of  electromagnetic  theory  from  Maxwell's  beginning  to 
the  present  time,  a  process  of  gradual  evolution  has  been  at  work. 
I  had  formerly  supposed  that  the  commonly  accepted  electro- 
magnetic theory  is  complete  as  we  have  it,  or  finished,  so  to 
speak,  but  I  have  been  led  to  believe  that  it  is  yet  in  its  infancy. 
To  avoid  being  misunderstood  some  further  remarks  on  this 
subject  seem  to  be  required.  The  changes  in  the  theory  that 
seem  to  be  demanded  are  not  very  great,  and  will  probably  not 
affect  most  of  the  applications  of  the  theory.  They  relate  more 
particularly  to  the  inverse  square  of  the  distance  terms,  which 
only  come  into  the  account  in  such  problems  as  we  have  been 
considering.  It  may  seem  impossible  to  you  that  any  change 
can  be  made  in  the  theory,  because  the  equations  already  express 
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with  complete  satisfaction  all  the  phenomena  in  the  subjects  of 
electricity  and  magnetism  dealing  with  gross  matter,  with  which 
we  are  acquainted.  It  was  pointed  out  before  that  all  these 
things  represent  very  special  cases,  in  fact,  the  older  form  of 
equations  of  Maxwell's  day  are  just  as  good  for  these  things. 
The  applications  to  gross  matter  are  not  affected  by  the  modem 
change  in  the  introduction  of  the  ideas  of  retarded  potentials. 

j — Direct  Experimental  Verification  of  Electromagnetic  Equa- 
tions Desirable,  But  Probably  Impossible.  We  really  need  an 
experimental  verification  of  the  general  electromagnetic  equa- 
tions. Prof.  H.  A.  Rowland  charged  the  circumference  of  a 
wheel  and  set  it  revolving  at  a  rapid  rate.  He  succeeded  at 
best  in  detecting  the  magnetic  force  at  the  center,  and  showed 
that  the  magnitude  agreed  with  the  theory.  What  we  really 
want,  however,  in  order  to  test  the  theory  is  to  have  the  charge 
at  one  point  only  of  the  wheel,  and  to  measure  the  instantaneous, 
not  the  average,  mechanical  force  upon  a  second  electrical  charge 
in  its  neighborhood  both  as  to  direction  and  magnitude.  Need- 
less to  say  this  has  never  been  accomplished  and  we  may  almost 
say  never  will  be  accomplished.  We  should  need  a  recording 
apparatus  that  had  no  time  lag,  and  that  is  capable  of  indicating 
a  force  in  any  direction  equally  well,  and  of  a  very  insignificant 
amount.  The  conclusion  is  that  we  are  compelled  to  resort  to 
indirect  methods  of  testing  these  equations.  It  seems  that  we 
may  legitimately  regard  the  process  above  described  as  one  of 
these  indirect  methods.  In  such  methods,  if  one  assumption 
fails,  we  ought  not  to  hesitate  to  try  another,  for  the  original 
theory  itself  rests  upon  assiunptions  that  seem  to  us  correct, 
but  which  can  only  be  tested  by  the  indirect  method. 

XII.  The  Results  Obtained  Above  (XI)  Agree  With  the 
Form  of  Atomic  Theory  Demanded  by 
Electromagnetic  Theory 

The  gravitational  formula  above  is  so  simple,  and  has  so 
many  points  in  its  favor  that  I  have  proceeded  as  though  it 
were  true,  and  have  endeavored  to  find  some  of  the  consequences 
that  it  implies  for  atomic  theory.  We  shall  next  consider  some 
of  these  and  you  will  note  that  they  are  in  complete  harmony 
with  the  conceptions  of  atomic  properties  that  we  have  been 
considering.  First,  let  us  take  the  earth  as  one  of  the  bodies, 
and  a  single  atom  on  the  earth's  stuface  as  the  other  body,  and 
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write  down  the  force  of  attraction  according  to  the  equation. 
We  get  the  very  simple  expression 

F^kXj,^.  (7) 

where  the  constant,*  k,  involves  the  constant  charge  on  the  elec- 
tron, the  mass  of  it,  and  the  summation  of  the  velocities  squared 
for  the  electrons  in  the  earth,  all  of  which  does  not  vary  when 
we  substitute  one  atom  for  another. 

a — The  Weight  of  An  Atom  is  Proportional  to  the  Total  Kinetic 
Energy  of  the  Electrons  it  Contains,  Relative  to  the  Center  of  the 
Atom.  Now  this  attraction  is  merely  the  atomic  weight,  and 
we,  therefore,  have  the  suggestion  that  the  atomic  weight  is 
merely  proportional  to  the  sum  of  the  squares  of  the  velocities 
of  all  the  electrons  in  the  atom,  that  is,  to  the  total  kinetic  energy 
of  the  electrons,  and  it  should  be  added  that  the  velocities  must 
be  those  relative  to  the  center  of  the  atom.  If  the  whole  atom 
moves,  this  would  add  nothing  to  the  weight  because  the  effect 
of  the  positive  nucleus  would  exactly  annul  that  of  the  electrons. 
But,  we  know  that  atoms  of  the  same  kind,  say  hydrogen,  have 
the  same  weight  in  a  given  locality.  We  may,  therefore,  con- 
clude that  the  velocities  of  the  electrons  in  the  atom  must  always 
be  the  same  in  the  different  states  of  these  atoms.  This  is  in 
exact  conformity  with  the  theory  of  the  atom  above  described. 
The  velocity  in  any  ring,  according  to  electromagnetic  theory, 
is  a  constant  quantity  dependent  upon  the  number  of  electrons 
in  the  ring.  So  long  as  we  leave  the  rings  in  an  atom  undis- 
turbed they  must  always  have  the  same  velocity,  but,  when  we 
change  the  number  in  the  ring  the  velocity  must  suddenly  change 
to  a  new  value,  and  then  the  weight  will  change.  We  then 
really  have  a  different  atom.  It  has  suddenly  changed  over  to 
one  of  a  different  class. 

The  atomic  theory  above  outlined  also  shows  that  any  ring 
may  change  its  radius  without  affecting  the  velocity  of  the 
electrons,  the  kinetic  energy  remains  fixed  independent  of  changes 
in  the  radius.  The  Bohr  theory,  on  the  contrary,  demands  a 
change  in  the  kinetic  energy  with  any  change  in  the  radius.  On 
the  one  hand  we  keep  a  constant  weight,  and  in  the  Bohr  theory 
the  weight  must  change,  if  the  weight  has  anything  to  do  with 
the  kinetic  energy.  But  it  is  a  matter  of  measurement  that  the 
weight  does  not  change.  I  may  refer  again  to  those  crystals 
in  which  the  same  kind  of  atoms,  sulphur  for  example,  are  re- 

^This  is  not  the  same  constant  as  the  Newtonian  constant  above. 
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quired  to  have  different  radii  in  different  circumstances,  although 
the  weight  remains  the  same.  This  is  in  accord  with  the  modified 
theory. 

b — The  Weight  of  any  Ring  of  Electrons  in  an  Atom  is  Fixed 
Independent  of  its  Radius,  and  Always  Contributes  the  Same 
Amount  Toward  the  Total  Weight  of  the  Atom,  According  to 
these  ideas,  therefore,  a  ring  of  two,  three,  etc.,  electrons  in  any 
atom  must  always  contribute  the  same  amount  to  the  weight 
of  the  atom  whether  its  radius  be  large  or  small.  Having  re- 
ceived this  suggestion  from  the  theory,  I  have  endeavored  to 
ascertain  whether  it  might  not  be  possible  to  find  out,  from  the 
known  atomic  weights  of  the  different  kinds  of  atoms,  what  the 
probable  combinations  of  rings  in  such  atoms  are.  The  restdt 
of  this  has  been  more  successful  than  I  had  reason  to  hope, 
knowing  the  very  great  irregularities  that  atomic  weights  exhibit. 
In  the  light  of  the  theory  it  is  possible  to  write' down  the  approxi- 
mate weights  of  any  ring  of  electrons.  I  say  approximate  be- 
cause it  is  not  supposed  that  the  speed  is  absolutely  independent 
of  the  radius  of  the  ring,  but  only  so  to  a  first  approximation. 
Taking  the  speeds  as  strictly  proportional  to  the  number  of 
electrons  in  the  ring,  the  theory  gives  the  weights  of  the  rings 
as  the  squares  of  the  ntmiber  of  electrons  per  ring,  as  the  nimibers, 
1,  4,  9,  16,  25,  for  rings  of  1,  2,  3,  4  and  6.  Taking  hydrogen 
as  a  ring  of  two  and  atomic  weight  1.008,  we  get  the  ntmibers 
2.268,  4.032,  6.300,  and  9.072  as  the  weights  of  rings  of  3,  4, 
5  and  6  electrons.  These  are  the  strictly  proportional  figures, 
but  I  have  found  by  trial  that,  if  the  following  figures,  differing 
very  slightly  from  the  above,  are  used,  namely  for  a  ring  of  two 
1.008,  three  2.269,  four  3.99975,  five  6.2898,  and  six  9.137,  it  is 
possible  to  get  the  atomic  weights  of  all  the  elements  from  hydro- 
gen to  uraniiun  within  the  probable  error  of  experimental  mea- 
surement in  a  large  majority  of  cases.  For  most  of  the  elements 
only  the  first  three  figures  have  to  be  used,  corresponding  to 
rings  of  2,  3  and  4  electrons.  Only  a  few  elements  require  rings 
of  five,  namely  the  halogens,  C /,  Br,  and  /,  and  the  elements 
seleniimi  and  telluriiun.  The  element  iron  is  the  only  one  based 
upon  rings  of  six,  with  the  possible  exception  of  glucinum.  In 
other  words  most  of  the  atomic  weights  have  been  accurately 
obtained  by  the  use  of  but  three  ntmibers,  rings  of  2,  3  and  4. 
Of  the  70  elements  calculated  (the  rare  earths  having  been 
omitted)  52  of  them  fall  very  near  to  or  within  the  experimental 
error  of  the  chemist  in  measuring  the  weight,  while  18  fall  outside 
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of  this  accuracy.  Of  these  18,  however,  the  weights  of  15  of 
them  come  nearer  than  one  part  in  1000  to  the  measured  weight, 
and  most  of  them  considerably  nearer.  Only  three  of  these 
exceed  a  difference  of  one  part  in  1000.  These  are  L  t,  7.3  parts 
in  1000,  Kl.2  parts,  and  Yt  2,26  parts.  The  largest  difference 
by  considerable  margin  is  in  the  case  of  L  i,  which,  however,  is 
less  than  1  per  cent. 

The  system  of  rings  as  built  up  in  this  way  seems  to  be  based 
upon  rings  of  four  electrons,  the  number  of  rings  of  four  increasing 
steadily  with  increasing  atomic  weight,  the  number  of  rings  of 
two  and  of  three  being  few.  The  cases  of  iron  and  the  halogens 
are  most  interesting,  as  being  built  upon  a  different  foundation. 
Rings  of  four  will  not  fit  these  elements. 

I  would  not  give  you  an  account  of  this  matter  here,  were  it 
not  for  the  fact  that  the  weights  come  out  in  this  way  remarkably 
close  when  based  upon  three  numbers  for  the  most  part,  and  that 
these  ntimbers  agree  so  closely  with  the  numbers  arrived  at  by 
the  theory  above  outlined. 

XIII.  The  Number  op  Electrons  per  Atom  According  to  the 

Above  Satisfies  Both  Those  Who  Have  Thought 

That  the  Number  is  Approximately  Equal 

to  the  Atomic  Number,  and  Those  Who 

Have  Taken  it  as  the  Same  as 

THE  Atomic  Weight 

There  are  a  few  important  matters  which  have  been  passed 
over  without  notice,  that  may  now  be  mentioned.  It  has  been 
an  object  among  physicists  for  some  time  to  discover  just  how 
many  electrons  the  different  kinds  of  atoms  contain.  This  table 
of  the  elements  made  in  the  way  just  mentioned  gives  the  number 
of  electrons  for  each  atom.  Many  have  come  to  the  conclusion 
that  the  number  of  electrons  must  be  approximately  equal  to 
the  atomic  number,  which  is  roughly  one  half  the  atomic  weight. 
Others  on  different  grounds  have  made  the  number  approximately 
equal  to  the  atomic  weight.  This  table  makes  the  number 
approximately  the  same  as  the  atomic  weight,  but  it  will  be 
observed  that  hydrogen  has  two  and  not  a  single  electron.  So 
the  table  satisfies  both  views  of  the  matter,  while  it  makes  the 
number  nearly  the  same  as  the  atomic  weight,  the  ratio  of  the 
number  in  an  atom  to  the  number  in  hydrogen  is  one  half  the 
atomic  weight. 
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XIV.  The  Number  of  Electrons  in  the  Hydrogen  Atom 
You  have  a  right  to  be  surprised  that  any  question  can  be 
raised  at  this  time  as  to  the  number  of  electrons  in  hydrogen. 
I  can  find,  however,  no  experimental  observation  to  prove  there 
is  but  a  single  electron,  and  it  seems  that  this  view  of  the  matter 
has  been  adopted  along  with  the  Bohr  theory,  which  requires 
the  single  electron. 

A  few  remarks  upon  this  matter  seem  called  for.  If  the 
velocities  of  electrons  in  rings  are  regulated  as  above  described 
through  the  action  of  the  tangential  forces  due  to  the  other 
electrons  in  the  ring  upon  the  one  according  to  electromagnetic 
theory,  then  we  are  deprived  of  this  means  of  regulation  when 
there  is  one  isolated  electron  only.  We  do  not  have  in  such  a 
system  the  perfectly  sjmametrical  dynamic  balance  that  obtains 
with  two  electrons. 

Then,  again,  our  present  view  of  the  matter  does  not  neglect 
the  radiation  and  loss  of  energy  from  the  atoms,  fn  electro- 
magnetic theory  the  relative  amounts  of  loss  of  energy  through 
radiation  for  rings  of  1,  2,  3,  etc.,  using  the  speeds  as  above 
determined,  diminishes  very  rapidly  as  the  number  in  the  ring 
increases.  The  loss  from  a  ring  of  two  is  about  4000  times  less 
than  from  the  single  electron,  and  from  the  ring  of  three  about 
40  million  times  less,  and  from  four  nearly  a  million  million 
times  less.  For  this  reason  it  seems  reasonable  to  suppose  that 
the  single  isolated  electron  does  not  exist  in  the  atoms.  I  shall 
not  take  the  time  here  to  answer  the  obvious  objections  to  ad- 
mitting loss  of  energy  by  radiation  on  account  of  the  quantum 
theory,  but  may  assure  you  that  they  can  be  met  satisfactorily. 

XI.  The  Order  of   Magnitude  of  the  Orbits  of  the 
Electrons  in  Atoms 

Another  matter,  which  has  been  passed  over  relates  to  the 
order  of  magnitude  of  the  orbits  of  the  electrons.  There  are  a 
ntmiber  of  things  that  have  a  very  evident  bearing  upon  this 
question.  One  of  the  things  we  know  now  with  precision  is  the 
distance  between  the  centers  of  the  atoms  in  certain  crystals. 
These  distances  in  different  crystals  vary  from  perhaps  10~*  cm. 
up  to  4  or  5  or  possibly  6  times  as  much,  and  we  may  think  of 
the  order  of  magnitude  as  roughly  lO"*  cm.  Now,  if  the  radii 
or  the  orbits  of  electrons  in  any  of  the  atoms  in  the  crystal 
approach  close  to  the  same  order  of  magnitude,  the  electrons 
must  necessarily  approach  each  other  much  nearer  than  they 
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are  from  the  nucleus  to  which  they  belong.  Unless  we  are  to 
assume  that  such  electrons  have  no  mutual  influence  upon  each 
other,  which  seems  uncalled  for,  there  must  occtu-  in  crystals  an 
enormous  perturbation  with  an  ensuing  radiation  of  energy. 
This  could  not  possibly  be  a  stable  condition.  Our  exact  knowl- 
edge of  crystals  alone  ought  to  be  considered  a  direct  proof 
that  the  order  of  magnitude  of  the  orbits  of  the  electrons  is 
much  smaller  than  10~*  cm. 

Again,  the  kinetic  theory  of  gases  has  been  cited  to  show  the 
order  of  magnitude  of  the  radii.  This  theory  has  established 
the  fact  that  the  centers  of  the  atoms  in  a  gas  approach  each 
other  on  the  average  to  within  about  10"*  cm.  before  being  de- 
flected. If  the  orbits  of  the  electrons  were  of  this  order  too, 
they  must  at  times  come  into  very  close  proximity  or  even 
collision,  and  the  result  would  be  that  some  of  the  electrons 
would  be  separated  from  the  nucleus,  thus  ionizing  the  gas  under 
ordinary  conditions.  This  does  not  occur.  We  may,  I  think, 
regard  the  kinetic  theory  as  another  direct  proof  that  the  orbits 
must  be  of  a  much  smaller  order.  These  matters,  when  taken 
in  connection  with  the  fact  that  the  radii  come  out  between 
10"^^  and  10~*  cm.,  when  the  forces  due  to  the  motion  of  the  elec- 
trons is  included,  which  was  omitted  from  the  Bohr  theory,  and 
with  the  fact  that  these  radii  agree  with  the  values  indicated 
by  an  application  of  the  theory  to  crystals,  do  not  leave  much 
doubt  as  to  the  true  sizes  of  the  orbits  of  the  electrons. 

I  can  picture  the  thought  that  is  probably  occurring  to  many 
of  you,  while  listening  to  this  description  of  a  difference  of 
opinion  affecting  the  radii  of  the  orbits  between  ten  and  a 
hundred  times.  In  what  condition  would  astronomers  find  them- 
selves so  long  as  they  were  in  doubt  about  the  value  of  the  radius 
of  the  earth's  orbit  by  a  factor  of  some  ten  or  hundred  times? 
Evidently,  until  this  matter  is  detemMned  with  some  precision, 
all  attempts  to  place  atomic  theory  upon  a  firm  mechanical 
basis  cannot  be  very  successful.  It  will  have  to  be  acknowledged, 
however,  that  the  physicist  does  not  find  any  such  single  simple 
law  appl3dng  to  atoms  at  close  range  as  governs  the  motions  of 
the  heavenly  bodies,  and  the  reasons  why  we  are  not  further 
along  are  not  diffictdt  to  understand. 
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THB  POLTPHASB  SHUNT  MOTOR 

BY   W.   C.   KORTHALS   ALTBS 


Abstract  op  Papbr 
There  exists  a  demand  for  a  reliable,  adjustable-speed,  alter- 
nating-current motor,  suitable  for  operation  at  a  large  number 
of  speeds.  The  neutralized  motor  with  shunt  field  control  is 
analyzed  and  it  is  shown  that  it  is  not  practical  for  commercial 
frecjuendes  on  account  of  the  expensive  control  equipment  re- 
quired. The  induction  motor  with  commutator  on  the  second- 
ary side  is  discussed.  It  mav  find  some  application  for  the 
larger  outputs;  the  control  is,  however,  still  too  complicated  to 
msSce  this  type  of  motor  suitable  for  the  smaller  machine-tool 
drives.  The  induction  motor  with  commutator  on  the  primary 
side  ofifers  the  best  solution  for  machine-tool  motors.  Its  theory 
is  discussed  in  detail,  and  a  complete  description  is  given  of  the 
mechanism  recjuired  to  shift  the  brushes  and  the  new  type  of 
annattire  winding  used. 

Introduction 

AS  FAR  as  generation,  transmission,  distribution  and  con- 
stant-speed motor  drives  are  concerned,  the  alternating- 
current  system  is  far  superior  to  the  direct-current  system. 

The  development  of  modem  ttmgsten  lamps,  has  practically 
done  away  with  arc  lamps,  so  that  both  systems  are  equally 
suitable  for  lighting. 

The  development  of  speed-regulating  sets  has  made  it  possible 
to  regulate  efficiently  the  speed  of  induction  motors  up  to 
several  thousand  horse  power. 

The  varying  speed  alternating-current  brush-shifting  motors, 
which  have  recently  been  put  on  the  market,  can  be  applied 
to  variable  speed  pumps,  blowers,  exhausters  and  certain  textile 
machines. 

The  single-phase  crane  motor  opens  up  possibilities  in  regard 
to  dynamic  braking,  simplicity  of  control  and  operation  over 
a  wide  range  of  speed,  which  cannot  be  met  by  the  induction 
motor  with  resistance  control. 

The  adjustable-speed  alternating-current  motor  makes  it  pos- 
sible in  plants  requiring  adjustable-speed  motors  for  machine 
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tool,  elevator  service,  etc.,  to  use  the  altemating-ciurent  system 
throughout  if  desired,  but  due  to  the  fact  that  the  a-c.  adjustable- 
speed  motor  is  more  costly  than  the  d-c.  adjustable-speed  motor^ 
t  will  be  more  economical  to  install  machinery  for  changing 
over  the  alternating  current  to  direct  current,  as  long  as  a 
large  number  of  motors  is  involved.  However,  the  general 
tendency  to  standardization  and  centralization  increases  the 
number  of  processes  which  are  carried  on  at  constant  speed  and 
call  for  the  simple  squirrel-cage  induction  motor  and  the  use 
of  the  a-c.  adjustable-speed  motor,  in  cases  where  only  a  limited 
number  is  required,  will  make  it  possible  to  extend  the  applica- 
tion of  the  squirrel-cage  motor. 

It  is  not  intended  to  deal  in  this  paper  with  all  the  different 
types  of  a-c.  adjustable-speed  motors,  which  have  been  proposed 
by  the  various  engineers  that  have  worked  on  the  problem. 
The  paper  will  be  limited  to  the  types  that  now  seem  most 
important.  It  is  of  value  to  the  specialist  to  know  the  large 
number  of  possible  combinations,  so  that  he  can  use  them  when 
the  constantly  varying  conditions  make  this  possible,  but  engi- 
neers in  general  need  interest  themselves  only  in  those  schemes 
which  are  at  present  suitable  for  practical  application. 

Neither  is  it  necessary  to  discuss  the  multi-speed  induction 
motor,  the  speed  of  which  is  adjusted  by  connecting  windings 
wound  with  different  nimibers  of  poles  to  the  line.  The  field 
of  application  and  the  theory  of  this  motor  is  well-known.  As 
long  as  only  a  few  definite  speeds  are  required,  it  is  very  satis- 
factory. However,  there  are  a  number  of  cases  for  which  either 
a  large  number  of  speeds  is  required,  or  the  desired  speeds  cannot 
be  obtained  with  the  possible  ntunbers  of  poles.  In  those 
cases,  one  of  the  following  types  of  alternating-current  ad- 
justable-speed commutator  motors  can  be  used.  (1)  The 
neutralized  polyphase  commutator  conduction  motor,  (2)  the 
induction  motor  with  commutator  on  the  secondary  side,  (3)  the 
induction  motor  with  commutator  on  the  primary  side. 

The    Neutralized    Polyphase    Commutator    Conduction 

Motor 
This  motor  consists  of  a  d-c.  armature  winding,  on  the  com- 
mutator of  which  is  arranged  a  polyphase  system  of  brushes, 
connected  to  a  neutralizing  winding  which  neutralizes  the  mag- 
netomotive force  of  the  armature  winding,  and  is  connected  to 
the  line.     The  field  winding  is  connected  to  the  secondary  of 
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a  transformer,  the  primary  of  which  is  connected  to  the  line. 
It  can  be  arranged  in  the  same  slots  as  the  neutralizing  winding, 
in  which  case  the  leakage  flux  will  induce  in  the  field  winding 
a  voltage  proportional  to  and  in  phase  with  the  leakage  reactance 
voltage  in  the  neutralizing  winding.  The  motor  field  flux  in 
this  case  lags  ninety  degrees  behind  the  vector  difference  of  the 
line  voltage  and  the  reactance  drop  induced  in  the  field  winding 
by  the  primary  leakage  flux  which  is  yielded  by  the  ampere- 
turns  of  both  the  field  and  neutralizing  winding.  The  charac- 
teristics of  the  motor  can  be  determined  by  considering  that 
the  neutralizing  winding  has  no  reactance  drop,  but  that  a 
reactance  equal  to  the  reactance  of  the  neutralizing  winding  has 
been  connected  between  the  line  and  the  motor  terminals  to 
which  both  the  neutralizing  winding  and  the  field  winding  are 
connected.  The  field  winding  excites  a  rotating  field,  so  that 
at  synchronous  speed  the  armature  voltage  and  the  voltage  in 
the  armature  coils  short-circuited  by  the  brushes  is  zero,  while 
this  voltage  increases  when  running  above  or  below  synchronous 
speed. 

The  field  winding  can  also  be  arranged  in  other  slots  than 
those  of  the  neutralizing  winding.  The  field  flux  in  this  case 
lags  ninety  degrees  behind  the  applied  line  voltage  and  the 
reactance  drop  of  the  neutralizing  winding  should  be  added  to 
the  reactance  drop  of  the  armature  winding,  which  means  that 
the  difference  between  the  no-load  and  full-load  speed  will  be 
greater  than  before.  The  neutralized  motor  with  the  field 
winding  in  the  same  slots  as  the  neutralizing  winding  is  to  the 
one  with  the  field  winding  in  other  slots,  as  the  direct-current 
shunt  motor  with  resistance  in  series  with  the  entire  motor  is  to 
the  direct-current  shunt  motor  with  resistance  in  the  armattire 
winding.     This  can  be  seen  from  the  vector  diagrams. 

Fig.  1  gives  the  vector  diagram  for  the  neutralized  motor 
with  the  field  winding  in  the  same  slots,  as  the  neutralizing  wind- 
ing. O  M  represents  the  current  which  flows  through  both  the 
neutralizing  and  the  armature  winding,  NO  the  current  in 
the  fie.ld  winding.  Asstmiing  that  the  field  winding  and  neutral- 
izing winding  have  the  same  number  of  turns  Wi,  then  the  pri- 
mary leakage  flux  will  be  yielded  hy  N  MXwi  ampere-turns  and 
the  reactance  drop  A  B  induced  by  the  leakage  flux  in  both  the 
neutralizing  and  field  winding  will  lag  ninety  degrees  behind 
N  M,  The  resistance  drop  of  the  field  winding,  FB  is  opposite 
to  the  field  current  NO.     FO  is  the  voltage  induced  in  the  field 
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winding  by  the  alternation  of  the  field  flux.  A  B,  B  F  and  F  0 
balance  the  applied  line  voltage  O  A,  For  the  circuit  consisting 
of  the  neutralizing  and  armature  winding  in  series,  we  find  that 
the  applied  line  voltage  O  Ais  balanced  by  the  leakage  reactance 
drop  A  B  oi  the  neutralizing  winding,  the  resistance  drop  B  E 
of  the  neutralizing  winding  which  is  opposite  to  the  current 
O  Af ,  the  reactance  drop  ED  oi  the  armature  winding  lagging 
90  deg.  behind  0  M,  the  resistance  and  brush-drop  of  the  arma- 
ture winding  D  C  opposite  to  the  current  O  M  and  the  counter 
e.m.f .  C  0,  which  is  induced  by  the  field  flux  yielded  by  the  field 
winding  in  space  quadrature  to  the  phase  under  consideration, 
and  is  proportional  to  the  speed,  the  number  of  armature  turns 
and  the  field  flux.  Due  to  the  pulsation  of  the  field  flux,  a 
voltage  O  F  will  be  induced  in  both  the  neutralizing  and  the 
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armature  winding.  If  the  neutralizing  and  armature  winding 
have  the  same  number  of  turns,  then  the  voltage  in  the  armattu^ 
winding  will  be  neutralized  by  the  voltage  in  the  neutralizing 
winding  and  the  resultant  voltage  appearing  at  the  terminals 
will  be  zero.  This  voltage  appears,  however,  when  measuring 
the  drop  across  the  brushes  and  across  the  terminals  of  the 
neutralizing  winding  individually.  The  core  loss  has  been  neg- 
lected in  the  diagram.  It  causes  the  flux  to  lag  behind  the  am- 
pere tiUTis.  The  output  is  proportional  to  0  C  X  0  Af  X  cos^ 
COM,  Fig.l  has  been  drawn  for  operation  below  synchronous 
speed. 

Fig.  2  gives  the  same  diagram  when  the  motor  is  running  at 
synchronous  speed.  It  has  been  drawn  under  the  assumption 
that  the  leakage  reactance  of  the  armattire  is  proportional  to  the 
sUp.    In  that  case,  the  rotor  reactance  is  zero  at  synchronous 
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Speed  and  the  points  D  and  E  come  together.  The  voltage 
applied  to  the  field  winding  is  equal  to  the  vector  connecting 
A  with  a  point  H  onO  F,so  that  O  H  ^  F  C.  This  vector  is 
not  shown  in  Fig.  2. 

Pig.  3  covers  the  diagram  for  a  motor  in  which  the  field  winding 
is  located  in  other  slots  than  those  of  the  neutralizing  winding. 
A  B  lags  now  90  deg..  behind  OAf  instead  of  iV  Af  and  the  leakage 
flux  yielded  by  the  neutralizing  winding  does  not  induce  any 
voltage  in  the  field  winding. 

Pig.  4  is  similar  to  Pig.  3,  except  that  the  motor  is  running 
above  synchronous  speed  in  which  case  the  rotor  reactance 
appears  negative.  The  voltage  to  be  applied  to  the  field  winding 
has  not  been  shown,  but  can  be  found  by  connecting  A  with  a 

point  H  on  FOj  so  that  F  H  ^  -^  0  C,  if  n  is  the  speed  of  the 

motor  and  n«  the  synchronous  speed. 

In  case  we  take  the  load  off  the  motors  covered  by  Pig.  1, 
and  Pig.  3  the  speed  will  change  as  O  C  to  OF.  Due 
to  the  location  of  the  drop  A  B,  the  variation  in  speed 
will  be  larger  in  the  latter,  than  in  the  former  case.  Hence, 
as  far  as  the  variation  between  the  no-load  and  the  full- 
load  speed  is  concerned,  it  is  better  to  arrange  the  field  winding 
in  the  same  slots  as  the  neutralizing  winding.  However,  by  locat- 
ing the  field  winding  in  other  slots  than  those  of  the  neutralizing 
winding,  we  can  build  the  field  winding  with  definite  neutrals  like 
a  direct-current  motor,  so  that  in  the  coils  short-circuited  by  the 
brushes,  no  voltage  is  induced  by  rotation  through  the  main 
field  flux.  Moreover,  we  can  locate  at  these  neutral  points, 
windings  that  excite  the  "Commutating  Flux"  inducing  in  the 
armature  coils  short-circuited  by  the  brushes,  a  voltage  which 
both  neutralizes  the  voltage  induced  by  the  alternation  of  the 
field  flux  and  furnishes  the  e.  m.  f .  required  to  reverse  the  current 
in  the  coils  passing  the  brushes.  Furthermore,  it  is  possible  to 
improve  the  speed-torque  characteristics  by  using  a  series  trans- 
former, the  secondary  of  which  is  connected  to  the  field  circuit 
and  shifts  the  time  phase  of  the  flux  depending  on  the  load  cur- 
rent drawn  from  the  line.  The  characteristics  of  this  motor  are 
particularly  favorable  when  running  far  above  synchronous 
speed.  The  diagram  of  Fig.  4  shows  how  the  reactance  of  the 
neutralizing  winding  can  be  completely  compensated  by  a  nega- 
tive reactance  drop  of  the  armature  winding,  but  when  predeter- 
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mining  the  characteristics,  it  must  be  borne  in  mind  that  the 
voltage  induced  by  the  commutating  pole  shifts  the  point  at 
which  the  rotor  reactance  becomes  negative  to  a  higher  speed, 
than  in  a  motor  which  has  no  commutating  poles.* 

With  the  most  generally  used  frequency  of  60  cycles,  it  is 
iippossible  to  take  advantage  of  these  favorable  operating 
characteristics  above  synchronous  speed  unless  we  connect  the 
motor  to  the  secondary  of  an  induction  motor,  in  which  case  we 
,  can  supply  the  conmiutator  motor  with  both  a  low  frequency  and 
a  low  voltage  and  use  it  to  control  the  speed  of  the  induction 
motor.  This  has  recently  been  done  with  great  success  and  has 
led  to  a  very  important  development  of  a-c.  commutator  motors. 
A  discussion  of  the  various  connections  and  possibilities  of  this 
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application  properly  belongs  to  the  subject  of  speed  control  of 
large  induction  motors  and  lies  outside  the  scope  of  this  paper. 

The  motor,  with  the  field  winding  located  in  the  same  slots  as 
the  neutralizing  winding,  is  more  suitable  for  operation  below 
synchronous  speed  and  can  be  used  directly  on  60-cycle  circuits. 
Instead  of  building  it  with  a  separate  field  winding,  the  neutraliz- 
ing winding  can  serve  at  the  same  time  as  field  winding  which 
only  slightly  changes  the  diagram,  as  can  be  seen  by  comparing 
Fig.  1  with  Fig.  5,  which  has  been  drawn  for  a  motor  in  which 
both  field  and  neutralizing  winding  have  been  combined  in  one 
The  vector  -4-0  is  equal  to  the  leakage  reactance  drop  in  the 
neutralizing  winding  which  lags  90  deg.  behind  N  M,B  E'ls  the 
resistance  drop  of  the  neutralizing  winding,  E  F  is  the  voltage 

I.  See  H.  Meyer-Delius,  General  Electric  Review,  1913,  page  976. 
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induced  in  the  neutralizing  winding  by  the  alternation  of  the  field 
flux,  i^-E  the  voltage  induced  in  the  armature  winding  by  the  alter- 
nation of  the  field  flux,  E  D  the  reactance  drop,  D  C  the  resistance 
drop,  CO  the  rotation  voltage  induced  in  the  armature  winding. 
The  measured  volt'age  across  the  neutralizing  winding  is  equal 
to  A  F,  the  one  across  the  armature  winding  reduced  to  the  phase- 
voltage  of  the  equivalent  Y  connection  F  0.  The  resultant  of 
A  F  and  F  O  gives  the  line  voltage  A  0.  Thus,  we  see  that  below 
synchronous  speed,  the  voltage  across  the  neutralizing  winding  is 
higher  than  the  line  voltage  per  phase  until  F  and  0  are  at  the 
same  point  which  occurs  slightly  below  synchronous  speed. 


Line 


Transformer 


Combined  ,.-'' 

Neutralising     t, 

and  Held  Winding 


Fig.  6 


The  diagram  of  connections  of  a  motor  covered  by  the  vector 
diagram  of  Fig.  5,  has  been  shown  in  Fig.  6.  Speed  regulation 
can  be  obtained  by  connecting  the  terminals  Tu  7^2,  Tz  to  dif- 
ferent taps  of  the  transformer  which  changes  the  terminal  voltage 
applied  to  the  motor,  or  by  changing  the  points  to  which  the 
armature  terminals  Au  A2,  Az  are  connected,  which  changes  the 
field  flux,  or  by  both.  The  principal  disadvantage  of  this  motor 
is  that  the  transformer  has  to  be  designed  for  its  full  kv-a.  capacity. 
In  order  to  obtain  satisfactory  commutation,  the  armature  must 
be  built  for  a  low  voltage,  which  in  general  makes  the  ratio  of  the 
applied  line  voltage  to  the  secondary  voltage  high,  so  that  the 
size  of  the  transformer  is  not  materially  reduced  by  building  it 
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as  a  compensator.  Instead  of  using  the  neutralizing  winding 
also  as  field  winding,  the  armature  can  serve  for  this  purpose. 
Fig.  7  gives  the  diagram  for  this  arrangement.  In  this  case  0  M 
is  the  current  in  the  neutralizing  winding,  N  M  the  current  in  the 
armature  winding.  The  volt-amperes  required  for  exciting 
the  field  is  equal  to  FO  X  NO  of  Fig.  7,  instead  of  i4  FXNOoi 
Fig.  5,  as  is  the  case  when  the  field  current  flows  through  the 
neutralizing  winding.  As  long  as  we  are  running  at  a  lower  speed 
than  50  per  cent  above  synchronous  speed,  the  field  can  be 
excited  with  less  volt-amperes  by  using  the  armature,  instead 
of  the  neutralizing  winding,  as  field  winding,  which  results  in  a 
small  reduction  in  the  size  of  the  regulating  transformer  and  an 
improvement  of  the  power  factor.     It  is  also  possible  to  excite 


Fig.  8 


the  field  by  current  flowing  partly  through  the  field  winding  and 
partly  through  the  armature  winding,  which  can  be  done  by 
impressing  voltage  of  the  proper  time-phase  on  both  the  neutral- 
izing and  the  armature  winding.  However,  all  the  above 
schemes,  with  the  exception  of  the  one  where  we  connect  the  com- 
mutator motor  to  the  secondary  of  an  induction  motor,  have  the 
disadvantage  that  a  large  transformer  is  required  for  the  main 
circuit.  The  size  of  this  transformer  can  be  reduced  by  using 
the  type  of  motor,  which  we  will  now  describe. 

Induction  Motor  with  Commutator  on  the  Secondary 
In  this  type  of  motor,  the  armature  reaction  is  neutralized  by 
induction  instead  of  by  conduction.     It  is  clear  that  the  opera- 
tion of  the  motor  covered  by  Fig.  5  and  Fig.  6  will  not  be  changed. 
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if  we  separate  the  neutralizing  winding  from  the  armature  wind- 
ing provided  we  impress  on  the  neutralizing  winding  the  voltage 
A  F  and  on  the  armatxire  winding  the  voltage  F  0.  We  can  then 
increase  the  number  of  tiuns  of  the  neutralizing  winding,  so  that 
it  can  be  connected  directly  across  the  line  while  the  armature 
is  connected  to  a  rotor-transformer  which  supplies  the  voltage 
O  F,  We  can  take  a  brush-shifting  series  motor,  put  the  brushes 
in  the  neutral  and  connect  the  primary  of  the  rotor-transformer 
to  different  points  of  the  stator  winding.  In  this  way,  we  get  a 
motor  which  has  the  same  characteristics  as  a  neutralized  motor, 
operated  with  a  constant  field  flux  and  a  variable  voltage  applied 
to  the  terminals. 

Pig.  8  gives  the  diagram  of  connections  which  is  suitable  for 
a  motor  having  four  poles,  or  a  multiple  thereof.  Fotir  poles 
have  been  connected  in  series  and  a  tap  is  brought  out  at  each 
pole.  (The  taps  have  not  been  shown  in  the  diagram.) 
This  gives  fotir  speeds  below  and  fotir  speeds  above  syii- 
chronous  speed,  in  addition  to  the  synchronous  speed,  and 
requires  thirteen  stator  terminals.  The  transformer  should  be 
built  with  a  relatively  low  impedance  drop,  in  order  not  to  spoil 
the  regulation.  This  can  be  done  as  long  as  only  a  small  varia- 
tion in  speed  is  required.  For  instance,  if  we  desire  to  regulate 
the  speed  25  per  cent  below  and  25  per  cent  above  the  synchron- 
ous speed,  the  capacity  of  the  transformer  is  equal  to  only  25 
per  cent  of  the  kilovolt  amperes  flowing  through  the  motor. 
The  characteristics  can  be  improved  by  adding  a  small  trans- 
former by  means  of  which  the  time-phase  of  the  voltage  impressed 
on  the  primary  of  the  rotor  transformer,  is  shifted. 

On  small  motors,  the  rotor  transformer  can  be  omitted  and 
the  stator  can  be  equipped  with  both  a  main  winding  connected 
to  the  line  and  a  regulating  winding  connected  to  the  armature 
winding.     This  can  be  done  in  various  ways.* 

In  all  the  motors  thus  far  described,  the  frequency  of  the  rotor 
currents  is  reduced  to  line  frequency  by  means  of  a  commutator 
connected  to  the  rotor  winding,  which  makes  it  possible  to 
combine  the  voltage  induced  in  the  rotor  with  a  voltage  derived 
from  the  line.  It  is  possible  to  build  a  satisfactory  motor  in 
this  way.  However,  the  complicated  control  which  it  requires 
makes  it  rather  unsuitable  for  the  American  market.  The 
motor  covered  by  Fig.  8  may  find  a  limited  application  in  special 

2.  See  P.  Bichberg,  Elektroiechnische  Zeitschrift,  1910,  page  749; 
B.  Arnold,  Die  WechselstromUchnik,  Bd.  V2. 
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cases,  although  too  complicated  for  general  application  to  ma- 
chine tool  work. 

The  machine  tool  builders  require  an  a-c.  motor  which  can 
be  installed  as  easily  as  a  d-c.  motor  and  the  speed  of  which  can 
be  changed  in  a  simple  manner.  In  this  respect,  the  next  type 
of  motor  is  more  promising. 

The  Induction  Motor  With  Commutator  on  the  Primary 

Side 

Instead  of  changing  over  the  rotor  frequency  to  the  line  fre- 
quency, we  can  add  to  the  motor  a  frequency  changer,  which 
makes  available  at  every  speed  a  voltage  of  the  same  frequency 
as  the  voltage  induced  in  the  secondary.  This  can  be  done  by 
taking  a  rotary  converter  armature,  running  in  a  laminated 
field  and  driven  by  the  motor  of  which  the  speed  must  be  regu- 
lated. If  we  connect  the  slip  rings  of  the  rotary  converter  to 
the  line  and  select  the  number  of  poles  and  the  speed  ratio 
between  the  shaft  of  the  motor  and  frequency  changer  in  the 
proper  way,  the  frequency  of  the  voltage  appearing  at  the 
commutator  will  be  proportional  to  the  line  frequency  times  the 
slip.  The  ratio  of  the  voltage  applied  to  the  slip  rings  to  the 
one  appearing  at  the  commutator  is  independent  of  the  speed. 
If  we  use  two  movable  brush  yokes  connected  to  the  secondary 
of  the  induction  motor ,^  by  changing  the  relative  positions  of 
these  yokes,  we  can  impress  on  the  secondary,  voltages  of  dif- 
ferent time-phase  and  amount  and  the  speed  of  the  induction 
motor  can  be  regulated,  both  below  and  above  synchronous 
speed.  If  c  is  the  ratio  of  the  number  of  turns  of  the  winding 
of  the  converter  to  the  secondary  winding  and  n©  is  the  syn- 
chronous speed,  then  the  approximate  speed  range  at  no  load 
varies  between  no  (I  —  c)  and  no  {1  +  c). 

It  is  possible  to  combine  the  frequency  changer  and  the  in- 
duction motor,  if  we  locate  the  induction  motor  primary  winding 
on  the  rotor  and  connect  it  over  slip  rings  to  the  line.  In  that 
case  the  frequency  changer,  which  we  will  denote  as  regulating 
winding,  does  not  need  to  be  connected  to  the  line,  but  its  coils 
can  be  located  on  the  rotor  in  the  same  slots  as  the  primary 
winding,  so  that  the  primary  flux  induces  the  voltage  in  this 
regulating  winding.  The  secondary  is  located  on  the  stater 
and  can  be  built  with  any  number  of  independent  phases,  pro- 
vided each  yoke  is  equipped  with  the  proper  arrangement  of 
brushes  to  correspond  to  this  number  of  phases.     The  diagram 


Digitized  by  VjOOQIC 


1918] 


ALTES:   POLYPHASE  SHUNT  MOTOR 


305 


of  connections  of  a  motor  of  this  kind,  having  three  independent 
secondary  phases  has  been  shown  in  Fig.  9.'  The  brushes  Au 
Atf  At,  are  mounted  on  one  yoke  and  the  brushes  Bi,  Bi,  Bt 
on  another  yoke.  The  motor  will  operate  as  an  induction  motor 
with  short-circuited  secondary  when  the  brushes  A  and  B  are 
on  the  same  commutator  bar.  Both  yokes  are  moved  90  elec- 
trical degrees  each  way  from  this  middle  position,  the  yokes 
moving  in  opposite  directions.  In  this  manner,  regulation  both 
above  and  below  synchronous  speed  can  be  obtained.  The 
voltage  across  every  commutator  bar  is  independent  of  the 
speed  and  is  proportional  to  the  flux,  the  frequency  and  the  num- 
ber of  turns  in  series.  If  we  want  to  build  a  motor  with  the 
highest  possible  flux,  without  exceeding  the  safe  limits  for  the 
voltage  per  bar,  we  should  use  a  single-turn  multiple  armature. 


Pig.  9 

But  even  with  this  winding,  the  maximiun  permissible  flux  is 
still  low,  so  that  this  type  of  motor  cannot  be  built  for  more  than 
5  h.p.,  per  pole  for  60  cycles  and  12  h.p.  per  pole  for  25  cycles, 
no  matter  what  the  speed  range  is,  with  the  exception  that  the 
commutation  below  synchronous  speed  is  sufficiently  better  than 
above,  that  if  we  do  not  make  use  of  the  above-synchronous 
speed  range  we  can  use  a  higher  voltage  per  bar  and  a  larger 
output  per  pole.  In  general,  the  small  output  per  pole  which 
can  be  obtained,  is  no  serious  draw-back,  as  most  motors  for 
machine  tool  and  elevator  work  are  geared  and  consequently 
built  for  low  speed. 

On  the  commutated  induction  motor  with  the  commutator 
on  the  secondary  side,  the  voltage  across  the  commutator  bars 

3.  This  diagram  is  the  one  of  the  Schrage  Patent  1,079,994. 
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is  proportional  to  the  flux,  the  number  of  turns  and  the  frequency 
of  slip.  Therefore,  if  we  build  this  motor  for  a  small  speed 
range,  we  can  use  a  larger  field  flux  and  can  obtain  with  60  cycles 
and  20  per  cent  regulation  above  and  below  synchronous  speed, 
30  h.p.  per  pole  and  with  25  cycles,  75  h.p.  per  pole.  This  is 
only  possible  as  long  as  the  required  starting  torque  is  low,  so 
that  we  can  start  the  motor  with  reduced  field  fltix  to  avoid  ex- 
cessive sparking. 

On  the  commutated  induction  motor  with  conMnutator  on 
the  primary  side,  the  voltage  across  the  conmiutator  bars  at 
starting  is  the  same  as  at  running  and  high  starting  torque  can 
be  developed  without  any  danger  to  the  commutator.  This 
fact  makes  this  motor  particularly  suitable  for  reversible  opera- 
tion. 

It  has  been  explained  above  that  it  is  possible  to  use  a  larger 
output  per  pole,  by  having  the  commutator  on  the  secondary, 
instead  of  on  the  primary  side.  However,  as  long  as  we  do  not 
exceed  the  limitations  of  the  output  per  pole  and  have  50  per 
cent  regtdation  both  above  and  below  synchronous  speed,  it  is 
much  better,  from  a  commutation  standpoint,  to  use  the  second 
scheme.  If  we  should  build  motors  of  the  same  output  in  both 
ways,  we  would  naturally  use  equal  field  fluxes.  This  means 
that  the  regulating  winding  of  the  induction  motor  with  the 
conamutator  on  the  primary  side  will  have  one-tiun  per  coil, 
while  the  armature  winding  of  the  induction  motor  with  the 
conamutator  on  the  secondary  side  will  have  two  turns  per  coU, 
This  will  give  the  same  sparking  voltage  at  half  speed  and  50 
per  cent  above  synchronous  speed  for  both  motors. 

It  is  clear  that  the  commutation  conditions,  as  far  as  the 
current  commutation  is  concerned,  are  much  better  in  the  former 
case  than  in  the  latter,  as  we  have  a  one-txirn  armature  and  a 
lower  slot  reactance,  due  to  the  fact  that  the  regulating  winding 
fills  only  part  of  the  slots.  The  current  conmiutation  is  the 
limiting  feature  above  synchronous  speed  and  for  this  reason, 
the  induction  motor  with  commutator  on  the  primary  side  can 
be  built  for  a  larger  speed  range  above  synchronous  speed  than 
the  one  with  commutator  on  the  secondary  side.  This  is  a  great 
advantage,  because  the  speed-torque  characteristics  and  the 
maximum  output  of  the  motor  are  much  more  advantageous 
above,  than  below  synchronous  speed.  This  partly  offsets  the 
limitation  as  to  the  maximum  output  per  pole  obtainable,  as 
the  reduction  in  speed  resttlting  from  the  necessity  of  using  a 
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large  number  of  poles,  is  counteracted  to  a  large  extent  by  the 
possibility  of  raising  the  speed  considerably  more  above  syn- 
chronism. 

The  theory  of  the  induction  motor  with  conmiutator  on  the 
primary  side  can  be  explained  with  the  aid  of  the  same  diagrams 
as  have  been  given  for  the  other  motors.  The  following  deriva- 
tion of  the  diagrams  made  in  a  different  way  and  some  of  the 
equations  used  in  predetermining  the  characteristics,  may  be  of 
interest. 

In  the  approximate  theory  of  the  induction  motor,  the  exciting 


PIG.   10 


current  is  considered  constant*,  and  as  flowing  through  a  separate 
exciting  circuit.  By  doing  this,  a  very  slight  error  is  made  as 
we  neglect  the  impedance  drop  of  the  exciting  current,  thus 
figuring  with  a  flux  which  is  slightly  larger  than  the  actual  flux 
and  we  use,  too  high  a  value  for  the  exciting  current.  The  ap- 
proximation simplifies  the  calculation  considerably  and  will  be 
used  in  the  following.  In  Fig.  10,  we  have  drawn  the  approxi- 
mate vector  diagram  for  the  induction  motor.  We  find  for  the 
primary  circuit  that  the  applied  voltage  0  H  =  Ei  is  balanced 

4.  See.  Stdnmetz's  Alternating  Current  Phenomena. 
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by  the  primary  resistance  and  reactance  drop  H  A  ^  /ofo  and 
i4  S  =  /o  xo  and  the  voltage  B  O  =  Eq  induced  by  the  main  flux. 
After  having  reduced  secondary  turns  to  the  primary  turns, 
we  find  that  the  same  voltage  B  0  =  Ei  is  induced  in  the 
secondary  and  that  this  voltage  is  balanced  by  the  secondary 
reactance  drop  D  E  ^  Iisxi  the  secondary  resistance  drop 
0 D  —  Ii  fi,  and  the  counter  e.m.f.,  EB  —  (Li—  s)  Ex.  If  we 
draw  Qi?  II  FD,  E  F\\  BA  qxiAQF\\HA  thenOQ  =  s  Ei 

—  +  ro 
LetO0i2.=  ithentant  =  -^  =    ''^  +  ^''«    -    ' 


and 


QR       sxi  +  sx^        xi  +  xq 
El  sin  i 


f+" 


The  torque  per  phase  in  sjTichronous  watts  equals 


OB  X  /i  X  cos  Z  5  0  D  =  ^-^  h  =  — 

s  s 


The  line  current  /j  is  equal  to  the  vector  sum  of  /i  and  the  exciting 
current  /„,  which  lags  90  deg.  behind  0  H,  provided  we  neglect 
hysteresis.  Thus,  the  wattless  component  of  the  line  current 
is  equal  to  Iwi  =  /«  +  /i  cos  i  the  watt  component  /i  sin  i  and 
the  total  line  current 

/i=  V/««  +  /i«  +  2/«/iCost 

When  we  drive  the  induction  motor  above  synchronous  speed  as 
an  induction  generator,  the  diagram  assumes  the  form  of  Fig. 
11.  The  counter  e.m.f.  E  5  is  now  larger  than  the  induced  volt- 
age B  0.  We  have  to  take  into  account  besides  that  the 
rotating  field  in  the  rotor  has  changed  its  direction,  so  that  the 
time  axis  for  the  rotor  rotates  counter  clockwise,  while  the  time 
axis  for  the  stator  continues  to  rotate  clockwise.  For  the 
counter  clockwise  rotating  time  axis  of  the  rotor,  the  secondary 
reactance  drop  DE  lags  90  deg.  behind  the  current.  This 
secondary  reactance  drop  appears,  however,  as  a  negative  re- 
actance drop  when  reduced  to  the  primary  circuit  in  which  the 
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time  axis  rotates  clockwise.  •  A  complete  calculation  of  an 
induction  motor  in  accordance  with  the  above  method  has  been 
given  in  Table  I.  It  will  be  noted  that  this  method  is  the  same 
in  principle  as  the  approximate  "Steinmetz  method." 

The  induction  motor  with  commutator  on  the  primary  side  can 
be  calculated  in  a  similar  manner.  If  the  primary  and  the  regu- 
lating winding  are  located  in  the  same  slots,  the  leakage  between 
these,  two  windings  is  so  small  that  it  can  be  neglected.  The 
vector  sirni  of  the  ampere-turns  resulting  from  the  currents  in 
both  the  primary  and  the  regulating  winding,  will  yield  a  leakage 
flux,    which  induces  in  the  primary  winding  a  voltage  e,  and  in 


KAAAAA^ — iR 

Laa^aJ^^^ 


Fig.  12 


Fig.  13 


the  regulating  winding  a  voltage  c  f ,  if  c  is  the  ratio  of  the  ntmiber 
of  turns  of  the  regulating  and  the  primary  winding. 

In  order  to  find  how  the  reactance  should  be  taken  into 
account,  we  can  investigate  the  conditions  at  standstill  and  con- 
sider the  motor  as  a  quarter-phase  stationary  transformer  having 
a  primary  winding,  P,  a  regulating  winding  R  and  a  secondary 
winding  5.  The  windings  P  and  R  are  fitted  in  between  each 
other,  so  as  to  have  only  a  small  leakage  between  the  two.  R 
and  5  are  connected  together.  Let  P  and  S  have  the  same 
number  of  turns,  and  the  ratio  of  turns  of  R  and  S  be  c.  If  we 
assume  as  before  that  the  magnetizing  current  flows  in  a  separate 

5.  Dr.  Rttdenberg  has  called  particular  attention  to  this  point  in  the 
EkMrgHQhnU^h^  Zeitschrijt,  1910,  page  1087. 
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drctiit,  the  ampere-turns  yielded  by  P  and  R  must  be  equal  and' 
opposite  to  the  ampere-turns  jdelded  by  5.  Hence,  the  current 
flowing  in  P  of  Fig.  12  is  equal  to  (l—c)  h.  The  primary  leak- 
age flux  is  yielded  by  the  vector  sum  of  the  ampere  turns  of  P  and 
J?,  which  is  equal  and  opposite  to  the  secondary  ampere  turns  re- 
sulting from  Ti  flowing  through  5.  This  primary  leakage  fltix  is  in- 
terlinked with  the  turns  of  P  and  causes  the  reactance  drop 
i4  J5  =■  Ti  xo,  if  xo  is  equal  to  the  leakage  reactance  of  P  con- 
sidered as  the  primary  of  an  induction  motor.  Fig.  13  gives  the 
vector  diagram  when  neglecting  the  primary  resistance  drop.  In 
the  primary  winding  P,  the  line  voltage  O  -4  is  balanced  by  the 
reactance  drop  AB^IiXq  and  the  induced  voltage  B  O.  The  volt- 
age across  the  regulating  winding  will  be  equal  toO  C=^cO  A  and 
we  find  that  in  the  secondary  circuit  the  induced  voltage  B  O 


" ^A^AAA^A/j      s 


Pig.  14 

is  balanced  by  the  reactance  drop  D  B,  the  resistance  drop  C  D 
and  the  voltage  O  C  across  the  regulating  winding.  This  voltage 
is  the  vector  simi  of  the  voltage  induced  by  both  the  main  and  the 
leakage  flux.  The  secondary  current  OK  —  I\,  The  primary  load 
current  is  equal  to—  {OK—  KL)^  —  (/i— c/i)=0  J/.  We  can 
add  the  exciting  current  iV  0  at  right  angles  to  0  -4  and  find  the 
line  current  Ii^N  M,  The  secondary  resistance  drop  C  D  should 
include  the  brush  drop  and  the  resistance  of  both  the  secondary 
and  the  regulating  winding.  If  desired,  the  resistance  drop  of 
the  primary  load  current  which  is  equal  to  (1  —  c)  1%  r©  can 
easily  be  added,  as  shown  by  the  dotted  line  AH,  If  c  =  0.5, 
the  primary  load  current  is  equal  to  0.5  /i  and  the  ampere-turns 
of  the  primary  are  equal  to  those  of  the  regulating  winding.  In 
that  case,  the  minimum  copper  loss  will  be  obtained  if  we  make 
the  copper-cross-sections  of  both  windings  equal.  When  run- 
ning above  synchronous  speed,  the  ampere-turns  of  the  primary 
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winding  are  equal  to  the  sum  of  the  ampere-turns  of  both  the 
regulating  and  the  secondary  winding,  hence  in  order  not  to 
have  the  primary  winding  overheat  when  running  above  syn- 
chronous speed,  it  is  better  to  make  the  cross-section  of  the 
regulating  winding  smaller  than  those  of  the  primary  winding. 
As  i4  C  =  (1  —  c)  £|,  we  can  find  the  reactance  (xo  +  Xi)  by 
an  impedance  test  applying  Ei  to  the  slip  rings 

xo  +  xi^  ^'q^  ""^  sin/:  A  CD 


or  approximately : 


Xo+Xi^-^'^K     ^)*  sin/  A  CD 


ky 


Fig.  16 


Pig.  16 


It  is  clear  that  the  condition  described  corresponds  to  the 
induction  motor  with  the  brushes  in  the  neutral.  We  can  also 
connect  the  secondary  of  phase  I  to  the  regulating  winding  of 
phase  II  and  the  secondary  of  phase  II  to  the  regulating  ending 
of  phase  I,  as  has  been  shown  in  Fig.  14.  The  vector  diagram 
of  this  arrangement  has  been  shown  in  Fig.  15.  In  this  case, 
the  resultant  voltage,  which  overcomes  the  impedance  drop,  is 
equal  to  

AC  ^  El  y  1  +  (? 

and 


Xfi  +  Xi 


Ei{l+^) 


sin  Z  i4  C  P 
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This  corresponds  to  the  commutated  induction  motor  with  a 
brush-shift  of  90  deg. 

Pig.  16  gives  a  similar  diagram  for  a  brush-shift  (b)  in  which 
case  the  resultant  voltage  is  equal  to 

i4  C  =  £i  V  1  +  c«  -  2  c  cos  ft 
and 

,            £|  (1  +  c^  -  2  c  cos  6)    .      .  ^  ^ 
*o  +  a:i  =  — i-^ = ^  sm  A  C  D. 

All  the  above  equations  for  xo  +  xi  have  been  given  without 
taking  the  primary  resistance  loss,  the  core  loss  and  the  magnetiz- 
ing current  into  account.  This  is  satisfactory  as  long  as  the 
impedance  test  is  made  at  greatly  reduced  voltage.  If  necessary, 
these  values  can  be  taken  into  account  as  follows:  Read  primary 
watts  (WO  amp.,  (/,)  volts  (£|). 
Determine  Iw  =J/i]cos*^  and  I^i  =  /j  sine  <p. 
Determine  at  standstill  with  open  secondary  /«  for  a  voltage 
El  and  subtract  /«  from  Iwi  then  the  secondary  current  reduced 
to  the  primary  is  equal  to 

V  l+c^-2ccosb 
The  secondary  impedance  is 

^  Ei(l+c^-2ccosb) 

Let  the  core  loss  with  Ei  volts  applied  to  the  slip  rings  be  Wc 
watts  and  the  primary  resistance  loss  with  a  current  /|,  be 
3  If  f 0  then 

and  

Xq  +  Xi  =  V  zf  -  fi* 

A  comparison  of  Fig.  16  and  Fig.  13  shows  that  due  to  the 
shift  b,  the  secondary  current  /i  =  OX  is  shifted  into  the  di- 
rection of  the  secondary  induced  voltage  B  0.  This  means  that 
with  the  same  flux  and  the  same  secondary  current,  we  get  a 
higher  torque.  The  possibility  of  shifting  the  time-phase  of 
the  secondary  current  by  means  of  the  brush-position,  can  be 
utilized  for  obtaining  a  higher  torque  per  ampere  than  is  pos- 
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sible  with  the  induction  motor  with  resistance  in  the  secondary. 
The  fact  that  the  secondary  current  at  the  same  time  flows 
through  the  regulating  winding  and  thereby  reduces  the  primary 
current,  makes  this  condition  still  better. 

Fig.  17  has  also  been  drawn  for  a  brush-shift  6,  only  in  this 
case  the  motor  is  running  and  a  counter  e.m.f .  EB  is  induced 
in  the  secondary.  The  resultant  voltage  in  the  secondary  is 
equal  to  £  0  «  £  0 -  £ 5.     If  we  draw  E  F\\  A  B  then 

OF        OE  _  s  ^^^j^^^j^ 


Pig.   17 — Running  as  Motor  Below  Synchronous  Spbbd — Brush 
Shift  Opposite  to  Direction  of  Rotation 

Further  FE  ^  sA  B  ^  s  X  XqIi. 

FC^  VfO'  +  OC^-2FOXOC  cos  ZFOC 

=  £jV5*  +  c*-2cjcos6 

Z  OFC  =  aandZ  CFD  =  i 


Let 
then 


smg 
OC 


sin  b 


csin  b 


tant 


J,  ^  or  sm  a  =  —7= — . — 

^^  V  s*  +  (^-2cscosb 

DC  fi 


F  D      s(xo  +  JCi). 
The  secondary  current  is  equal  to 

,.        F  C  sin  t      £1  sin i  V^^+c*—  2cscosb 
ii  =* =■  
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The  torque  per  phase  in  synchronous  watts  is  equal  to 
D  ^  BOXOK  cos  ^  BOQ  ^  OA  XOKcosZ  AOQ 
Z,AOQ^lOFC-{W-/,CFD)^a  +  i''W., 

cos  Z  i4  0  C  =  sin  (a  +  *) 
and 

Z>  =  £,  X  /i  sin  (a  +  *) 

The  electrical  output  is  equal  to  Pi  =  Z>  (1  —  5) 
The  mechanical  output  (P)  is  equal  to  the  electrical  output 
minus  the  friction  and  windage  per  phase,  P  =  Pi  —  friction, 
windage.  The  primary  current  can  be  calculated  by  determin- 
ing separately  the  component  /«  in  phase  with  the  applied  line 
voltage  and  the  component  /«f  which  is  90  deg.  out  of  time 
phase  with  the  line  voltage. 

If  Ik  is  the  core  loss  current  then: 

Iw^  h  +  OKco&/,QOA-LK  cos  UQOA+b) 

/»  =  /*  +  /i  cos  (a  +  i  -  90)  -  c  Ji  cos  (a  +  *  +  ft  -  90). 

/w  —  /*  +  Ii  {sin  (a  +  i)  —  ^  sin  (a  +  1  +  b)] 

If  Im  is  the  wattless  component  of  the  magnetizing  current  then, 

Iwi  --  Im  +  0 K  ^n  /,  QO A  -  L K  sin  U  QO A  +  b) 
/»!=/•»  +  I\  [cos  (a  +  i)  —  c  cos  (a  +  i  +  6)1 

The  total  line  current  is  J|  =»  V  /„«  +  I^f 
The  power  factor  « 

The  input  "  £1  /. 

p 
The  efficiency  —  p    y 
ill  i« 

When  determining  the  angles  from  the  sine  and  tangent, 
some  care  must  be  taken  to  get  the  angle  in  the  proper  quadrant. 
This  can  be  done  readily  as  long  as  the  possible  variation  of 
these  angles  with  the  slip  is  taken  into  accotmt,  with  the  aid 
of  the  diagram.  For  instance,  it  follows  from  Fig.  17  that  F 
moves  over  A  O  from  il  to  0  when  the  slip  changes  from  1  to  0. 
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The  angle  C FO  ^  a  changes  from  an  acute  to  an  obtuse 
angle.  Fig.  18  gives  the  diagram  for  the  same  brush  position 
as  used  in  the  diagram  of  Fig.  17,  when  the  motor  is  driven  above 
synchronous  speed.  In  case  the  motor  is  rotating  counter 
clockwise,  the  field  in  the  rotor  will  rotate  clockwise.  Hence, 
as  long  as  we  operate  below  synchronous  speed,  the  electrical 
field  will  rotate  clockwise,  in  respect  to  both  the  stationary 
secondary  winding  and  the  stationary  brushes  connected  to 
the  commutator  of  the  regulating  winding.  This  means  that 
if  we  want  0  C  to  lag  behind  0  ^4,  as  shown  in  Fig.  17,  we  have 


Fig.  18 — Driven  as  Generator 
Above  Synchronous  Speed  — 
Brush  Shift  from  Neutral  Axis 
Opposite  to  Direction  of  Rota- 
tion 


K 

Fig.  19 — Running  as  Motor 
Below  Synchronous  Speed  — 
Brush  Shift  in  the  Direction 
of  Rotation 


to  shift  the  brushes  in  the  direction  of  the  rotation  of  the  elec- 
trical field,  i.e.  opposite  to  the  mechanical  rotation  of  the  rotor. 
When  running  above  synchronous  speed,  the  electrical  field 
will  rotate  counter  clockwise,  with  respect  to  both  the  stationary 
secondary  winding  and  the  brushes  and  if  we  leave  the  brush 
position  unchanged  0  C  will  lead  0  A.  When  reduced  to  the 
primary,  for  which  the  time  axis  rotates  clockwise,  0  C  will  lag 
behind  0  -4  as  in  Fig.  17.  This  has  been  shown  in  Fig.  18, 
When  running  above  synchronous  speed,  the  secondary  reactance 

*Since  this  paper  was  first  published,  Mr.  J.  I.  Hull  has  modified  the 
rules  so  as  to  make  them  apply  to  the  operation  in  all  brush-positions 
and  at  all  speeds. 
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drop  appears  negative  when  viewed  from  the  primary,  as  ex- 
plained for  the  usual  induction  generator  with  short-circuited 
secondary.  Table  II  gives  a  complete  calculation  made  in  ac- 
cordance with  the  above  theory.  It  has  been  found  that  the 
theory  is  confirmed  by  test. 

Fig.  19  gives  the  diagram  for  a  motor  operating  below  syn- 
chronous speed  when  the  brushes  are  shifted  in  the  wrong  di- 
rection, i.e,,  in  the  direction  of  rotation.  It  will  be  noted  that 
this  results  in  a  low  secondary  power  factor,  which  is  always 


Q--^^ 


Fig.  20 — Running  as  Motor 
Above  Synchronous  Speed  — 
Brush  Shift  from  Neutral  Axis 
More  Than  90 .  Deg.  and  Less 
Than  180  Deg.  Opposite  to 
Direction  of  Rotation.  (Brush 
Shift  in  Direction  op  Rotation 
FROM  Reversed  Neutral  Axis) 


Fig.  21 — Running  as  Motor 
Above  Synchronous  Speed  — 
Brush  Shift  from  Neutral  Axis 
More  Than  90  Deg.  and  Less 
Than  180  Deg.  in  the  Direc- 
tion of  Rotation.  (Brush  Shift 
Against  Rotation  from  Re- 
versed Neutral  Axis) 


combined  vnth  a  reduction  in  maximum  output  and  larger 
variation  between  the  no-load  and  full-load  speed. 

Fig.  20  gives  the  diagram  for  operation  above  s)mchronous 
speed.  The  counter  e.m.f.,  EB  is  larger  than  the  induced 
secondary  voltage  B  0  and  the  voltage  0  C  of  the  regulating 
winding  is  impressed  in  opposite  direction,  being  shifted  over 
an  angle  b  opposite  to  the  direction  of  rotation  from  the  neutral 
position. 

Fig.  21  gives  the  same  diagram,  only  the  brushes  are  shifted 
in  the  direction  of  rotation  which  causes  the  secondary 
current  to  lead  too  much  and  results  generally  in  inferior  com- 
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mutation.  Instead  of  calculating  the  characteristics  by  means 
of  simple  geometrical  equations,  circle  diagrams  can  be  used.* 
Both  the  derivation  and  the  application  of  these  diagrams  are 
rather  complicated  and,  therefore,  will  not  be  given  in  this 
paper. 

Fig.  22  gives  the  tested  speed-torque  curves  of  a  440-volt, 
3-phase,  1200  rev.  per  min.,  60-cycle  brush,  shifting  motor,  built 
as  an  induction  motor  with  the  commutator  on  the  primary  side 
and  on  which  the  brushes  are  shifted  5  deg.  opposite  the  direction 
of  rotation  in  the  slowest  speed  position  and  5  deg.  in  the  direc- 
tion of  rotation  in  the  highest  speed  position.  This  has  been 
done  by  shifting  one  yoke  faster  than  the  other,  while  both  move 
in  opposite  direction,  so  that  one  yoke  moves  through  170  electri- 
cal degrees,  while  the  other  yoke  moves  through  190  electrical 
degrees.     This  motor  has  been  built  for  one  direction  of  rotation. 


ulGOO 
*1200 


;  eoo 


'  400 


^  1 1 1 1 1 1 11  M  rt  K^ 


20         40        60        80        lOa       120 
R)OT  POUNDS    TORQUE 

Pig.  22 


]90        130 


If  the  motor  has  to  operate  with  the  same  characteristics  in  both 
directions  of  rotation,  the  brush-shifting  mechanism  becomes 
more  complicated,  as  will  be  understood  from  Figs.  23  and  24, 
which  give  the  desired  brush-position  for  maximum  and  mini- 
mum speed  in  both  directions  of  rotation  for  a  two-pole  motor. 
However,  a  simple  mechanical  solution  has  been  found  and  a 
model  incorporating  this  scheme  is  now  being  tested.  A  photo- 
graph of  it  is  shown  in  Fig.  25,  while  the  brush-shifting  mechanism 
is  represented  in  Fig.  26.  This  motor  has  been  built  with  four- 
poles  and  a  six-phase  secondary,  each  yoke  having  12  studs. 

The  fast  moving  yoke  B  on  which  the  brushes  ftl,  b2,  63 
have  been  mounted,  is  supported  by  the  bearing-housing.  The 
slow  moving  yoke  on  which  the  brushes  ol,  a2,  o3  have  been 

6.  See  O.  S.  Braystad,  E,  T,  Z.,  1903,  page  368;  E.  Arnold,  Die  Wechsd- 
strotntechnik,  Bd.  V2;  H.  Meyer-Delius,  General  Electric  Review,  1914. 
page  817;  H.  K.  Schrage,  E.  T.  Z.,  1914,  page  81. 
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mounted,  is  supported  by  the  end  shield;  it  is  moved  by  means 
of  a  stud  which  connects  it  to  the  disk  C,  which  is  supported  on 
the  bearing  housing.  The  pinions  D  and  E  are  keyed  to  a  shaft 
which  can  rotate  in  a  bearing  supported  by  the  disk  C.  The 
pinion  D  meshes  with  a  gear  F  which  is  mounted  on  the  bearing 
housing  and  the  pinion  E  meshes  with  a  gear  G  which  is  fastened  to 


Fig.  23 

bi  moves  through  360  -2b  deg.  C  W 

ax  moves  through  360  +  2  b  deg.  C  C  W,    While  6i  moves  through  2  b  deg.  from  slow 
C  IF  to  slow  CCW,ai  should  move  C  W  through  2  b  degrees 

yoke  B.  If  the  gear  F  is  held  stationary  and  the  disk  Cis  turned, 
both  opinions  D  and  E  will  rotate.  Pinion  E  will  drive  the  gear 
G  fastened  to  yoke  B.  The  gear  ratio  can  be  selected  in  such  a 
manner  that  disk  C  and  yoke  A  move  in  opposite  direction  to 
yoke  B  and  at  a  slower  rate.  The  gear  F  is  held  by  a  pinion  H 
which  is  keyed  to  the  same  shaft  as  the  intermittent  gear  /, 
while  this  shaft  rotates  in  a  bearing  which  is  rigidly  supported 


PastCW 


Pig.  24 

bi  moves  through  360  deg.  C  W 

01  moves  through  (360  deg.  +4  6)  C  C  W.    While  bi  moves  through  4  b  degrees  from 
slow  C  W  to  slow  CC  W,  a\  should  stand  still 

from  the  bearing  housing.  The  intermittent  gear  /  is  moved 
through  a  small  angle  when  it  is  struck  by  a  pin,  which  is  fastened 
to  the  disk  C.  After  the  pin  has  moved  it,  /  is  held  stationary  by 
sliding  on  the  outside  circumference  of  C.  When  /  is  moved  by 
the  pin,  H  will  turn  through  the  same  angle  and  move  the  gear 
F.  By  properly  selecting  the  gear  ratios,  it  is  possible,  when  we 
change  from  ''Slow*'  in  one  direction  to  "Slow"  in  the  other 
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direction,  to  have  yoke  B  remain  stationary  or  move  in  the  same 
direction  as  C,  while  the  intermittent  gear  is  moved  by  the  pin. 
The  former  arrangement  gives  a  change  of  brush-positions  in 
accordance  with  Fig.  24,  the  latter  in  accordance  with  Fig.  23. 
A  control  switch  is  connected  to  the  shaft  to  which  /  is  connected, 
and  changes  the  phase-rotation  of  the  lines  to  which  the  col- 
lector rings  have  been  connected. 

The  induction  motor  with  commutator  on  the  primary  side 
can  be  run  single-phase,  by  opening  one  lead  connecting  to  the 
collector  rings.  If  only  single-phase  is  available,  it  can  be 
started  like  an  ordinary  single-phase  induction  motor  by  using  a 
split-phase  starting  device,  or  as  a  repulsion  motor,  in  which 
case  a  higher  torque  can  be  obtained.  This  connection  is 
shown  in  Fig.  27,  for  a  motor  having  a  quarter-phase  secondary. 


One  phase  of  the  regulating  winding  is  used  as  the  primary  of 
the  repulsion  motor,  a  resistance  R  keeps  the  line  current  down 
and  the  connections  are  changed  from  starting  to  running,  by 
means  of  a  three-pole  double-throw  switch.  If  the  motor  has  a 
three-phase  secondary,  a  four-pole  double-throw  switch  is  re- 
quired. 

In  its  original  form,  the  induction  motor  with  commutator  on 
the  primary  side  is  wound  with  the  primary  winding  in  the  bot- 
tom and  the  commutated  regulating  winding  in  the  top  of  the 
armature  slots.  In  this  way,  four  coil  ends  have  to  be  inserted 
in  every  slot,  which  takes  up  much  room  for  the  insulation. 
Moreover,  if  the  primary  winding  has  to  be  repaired,  it  is  neces- 
sary to  remove  first  part  of  the  coils  of  the  regulating  winding. 
A  winding  is  being  developed  which  is  arranged  in  such  a  manner 
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that  only  two  coil  ends  are  located  in  one  slot.  If  we  have  an 
even  number  of  slots  and  use  a  coil  pitch  equal  to  an  odd  number, 
we  can  arrange  the  windings  in  such  a  way  that  we  get  a  primary 
coil  in  the  top  of  every  odd  and  in  the  bottom  of  every  even  slot, 
and  a  coil  of  the  regulating  winding  in  the  top  of  every  even  slot 
and  in  the  bottom  of  every  odd  slot. 

The  leads  of  the  primary  winding  can  be  brought  out  on  the 
back  end  and  the  leads  of  the  coils  of  the  regulating  winding  on 
the  commutator  end.  The  insertion  of  such  a  winding  is  no 
more  difficult  than  the  insertion  of  an  ordinary  lap  winding,  it 
merely  being  necessary  to  have  two  kinds  of  coils.     By  doing 


Fig.  27 

this,  we  require  half  the  number  of  coils  and  save  room  in  the 
slots.  Fig.  28  shows  a  photograph  of  a  completed  armature  and 
Fig.  29  one  coil  of  the  primary  and  one  coil  of  the  regulating 
winding  of  a  220-volt,  750-rev.  permin.,  25-cycle  motor  with  this 
new  type  of  winding.  The  coils  are  inserted  into  open  slots 
which  are  closed  by  a  magnetic  wedge.  It  will  be  noted  that  the 
coil  of  the  regulating  winding  is  lighter  than  the  one  of  the 
primary  winding,  and  that  a  slight  bend  has  been  added  to  each 
end  of  the  lower  straight  part  of  the  primary  coil,  in  order  to 
make  room  for  the  upper  half  of  the  next  primary  coil. 

The  regulating  winding  is  a  closed  commutated  winding  with 
one  coil  per  slot.     The  coils  should  always  be  connected  in  such 
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a  manner,  that  we  get  a  balanced  mesh  connection  without 
internal  short-circtiiting  current.  We  can  obtain  this  condition, 
by  making  the  coil  pitch  equal  to  an  odd  number  of  slots.  This 
has  been  shown  in  Fig.  30,  in  which  we  have  an  odd  number  of 


7.  2 


6-12 


Pig.  30 


Fig.  31 


slots  per  pole  (5),  the  coils  being  full  pitch  slot  1  to  6.  The 
coil  ends  have  been  represented  by  hollow  dots.  The 
vectors  1-6,  3-8,  5-10,  7-12,  9-4,  represent  the  values  of  the  in- 
duced voltages  in  the  coils  1-6,  3-8,  etc.,  when  this  armature  is 


712 


surrounded  by  a  rotating  field.     The  resultant  voltage  of  all  the 
coils  is  zero,  which  means  that  we  will  have  no  circulating  cur- 
rent.    The  same  result  could  have  been  obtained  with  a  coil 
pitch  1-4,  1-2,  1-8,  1-10. 
In  Fig.  31,  we  have  an  even  number  of  slots  per  pole  (6)  and  a 
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coil  pitch  equal  to  an  even  number  of  slots.  This  results  in  a 
balanced  winding,  since  the  coils  have  been  arranged  in  groups 
of  two,  so  that  we  get  the  same  effect  as  though  we  had  an  odd 
number  of  slots  per  pole  (3).  This  arrangement  is  possible,  if 
the  number  of  slots  per  pole  is  equal  to  an  odd  number  times  an 
integer. 

In  Fig.  32,  we  have  an  even  number  of  slots  per  pole.  This 
gives  also  a  balanced  winding,  as  long  as  the  coils  span  an  odd 
ntunber  of  slots  (5).  We  could  also  have  used  a  coil  pitch  1-4, 
1-2,  etc. 

Pig.  33  gives  the  vector  diagram  for  a  four-pole  armature 
having  (18)  slots,  t.  «.,  4^  slots  per  pole.  Slot  1  is  in  the  same 
time-phase  as  slot  10,  slot  2  as  slot  11,  etc.,  so  that  we  can  use 
one  potential  circle.     The  coil  pitch  is  1-4.     We  have  4 J  coils  for 
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Pig.  34 

every  two  poles.  Even  if  we  have  two  commutator  bars  per 
coil,  we  would  not  get  zero  voltage  between  the  beginning  of 
coil  (1-4)  and  the  middle  point  of  the  5th  coil  (9-12),  but  the 
vector  difference  would  be  equal  to  a-b.  However,  all  nine  coils 
together  give  zero  voltage,  so  that  we  can  use  this  arrangement 
either  as  a  foiu'-pole  series  armature,  or  as  a  foiu--pole  multiple 
armature,  without  equalizers.  If  we  put  on  equalizers,  a  voltage 
equal  to  a-b  would  be  short-circuited.  Neither  is  it  advisable 
to  use  bus  rings  in  this  case,  and  we  should  wind  the  secondary 
which  connects  to  the  brush-studs,  with  two  separate  circuits  per 
phase 

Fig.  34  is  an  arrangement  which  would  tend  to  a  large  circu- 
lating current,  and  in  which  we  have  an  even  number  of  slots 
per  pole  and  a  full  pitch  coil.     If  we  use  (10)  commutator  bars 
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and  (2)  conductors  per  slot  in  all  the  slots  with  the  exception  of 
slot  5,  11,  6  and  12,  in  which  one  conductor  per  slot  should  be 
used,  we  get  a  closed  polygon  and  can  use  this  winding. 

From  Figs.  30,  31,  32,  33  and  34,  it  follows  that  the  regulating 
winding  can  be  wound  with  one  coil  per  slot,  as  long  as  certain 
conditions  are  fulfilled. 

We  may  now  investigate  which  numbers  of  slots  give  a  satis- 
factory primary  winding.  In  order  to  get  a  balanced  winding 
without  excessive  local  leakage,  it  is  necessary  to  have  one  coil 
end  of  the  primary  winding  in  every  slot.  This  is  possible  only 
when  the  total  number  of  primary  slots  is  even.  The  coil  ends 
belonging  to  the  different  phases,  should  be  inserted  in  the  same 
order;  otherwise  the  phase  rotation  will  be  reversed  on  some  parts 
of  the  circumference.  This  limits  the  use  of  fractional  pitch 
coils  for  the  primary  to  certain  special  cases,  which  will  be  de- 
scribed below. 

The  following  general  rules  can  be  formulated  which  make  it 
possible  to  determine  whether  a  certain  number  of  slots  is  suit- 
able for  a  primary  winding  of  a  given  number  of  poles  and  phases. 
(a)  The  total  number  of  slots  should  be  even,  (ft)  To  get  a 
regular  winding,  the  number  of  slots  per  pole,  should  be  divisible 

by  the  number  of  phases  d  =   ^  ^  ^^ —    =  integer.     (In  which 
'^  2p  X  n 

2  />  =  number  of  poles,  n  =  number  of  phases.)  (c)  To  get  a 
balanced  winding,  the  total  number  of  slots  should  be  divisible 

s 

by  two  times  the  number  of  phases  b  =  -^ —  =  integer. 

z  ft 

If  we  want  to  find  whether  a  satisfactory  winding  can  be  ob- 
tained, we  can  proceed  as  follows: 

s  s 

Determine  e  =  -tt--     and  b  =  -tt— 
2p  2n 

Case  1.  If  tf  =  odd  number,  make  the  coil  pitch  equal  to  e 
and  connect  primary  so  as  to  get  b  slots  per  phase  and  an  equal 
number  of  slots  per  pole.     (For  regulating  winding,  see  Fig.  30.) 

Case  2.     If  ^  =  even  number,  see  whether  e  has  an  odd  factor 

c  and  if  so,  make  coil  pitch  equal  to  e  and  treat  —  coils  like  un- 
der 1.     (For  regulating  winding,  see  Fig.  31.) 
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Case  3.     If  ^  =  even  number,  determine  -js-r —  =  d  =  num- 

Z  P  n 

ber  of  slots  per  pole  per  phase.     If  d  is  even,  then  make  coil 

pitch  equal  to  -5—   ±  1  and  connect  as  under  1.     (For  regu- 

lating  winding,  see  Fig.  32.)     If  d  is  odd,  it  is  impossible  to  get 
a  balanced  winding. 

s  X  f 
Case  4.     If  ^  is  a  mixed  number,  see  whether     ^  r    gives  an 

2p 

integer  in  which /=/>,  or  f  <  p  and  -j  =  integer.    This  gives  an 

irregular  winding,  while  the  regulating  winding,  if  connected  as 
a  multiple  winding,  can  have  equalizers  which  span  2/  poles. 


Fig.  35 

instead  of  two-poles,     li  p  =  /,  then  we  can  have  no  equalizers. 
(For  regulating  winding,  see  Fig.  33.) 

In  all  the  above  cases,  we  will  get  a  balanced  winding  only 

when  b  =  -77 —  =  integer. 
2  n 

A  few  examples  may  make  it  clear  how  the  above  rules  can 
be  applied. 

Case  1.  The  armature  shown  in  Fig.  28  may  be  mentioned  as 
an  example;  it  has  four  poles,  three  phases  and  sixty  slots. 

=  15;  6  =   ^       ^    =  10  and  d  = 


2X2  '  2X3  2X2X3 

Case  2.  As  an  example  may  be  mentioned  the  60-slot,  6-pole, 
3-phase  winding  used  on  the  10-h.p.  motor,  the  speed-torque 
curves  of  which* are  covered  by  Fig.  25.     In  this  case  we  have; 

^  10;  e  has  an  odd  factor  c  =  5,  while  —  ~  "T    ^ 


2X3  '  '  c         5 
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2.      The    pitch    of    the    primary   coil    is   equal    to   10  slots, 

—  =  2,  coils  are  treated  as  a  single-coil. 
c 

Case  3.    A  48-slot,  single-pole,  quarter-phase  armature  can 
be  wound  in  this  way, 

48  48 

^  "  Txl   "  ^'  ^  ""   2X3X2    ^  ^      ^^^  ^^^  ^*^^^  ^^  ®^^^^ 

to  «  —  1  =  7.     As  another  example 

Fig.   35  represents  the  diagram  of  both    the    regulating 
and  the  primary  winding  wound  with  two  poles,  three-phases  and 

twelve  slots,  e  =  -75-  =  6;  ft  =  ^  ^  ^  =  2,  and d 


2         '  2X3         '    2X3 

Case  4.     The  scheme  covered  by  this  case  is  suitable  for  a  60- 
slot,  8-pole,  3-phase  armature. 

^aoAaaoAao.o'AaoAAaoAoaoAaooA 

AaOAaaOAOOQAaOAAQOAOOOA 

Prinaiy  Winding  6D  Slot! 

a  Hum  1 

A  Pliaet  2 

O  FlnetS 

Fig.  36 


e  =  Yx^  ^  ^-^^  ^  =   2X4X  3    "  ^'^^  *'  ^"  ^^^  '^'''*^''^ 

is  irregular,  so  that  we  have  to  use  alternately  2  and  3  slots  per 
pole. 

fin 

^  10,  i.  e.f  the  phases  are  balanced. 


2X3 


o         1x0  .    sf        60  X2 

By  making/  =  2,  we  get  -^^  =  — g —  =  15. 

The  equalizers  should  span  2/  =  4  poles  and  each  phase  of 
the  secondary  should  have  two  independent  circuits.  An  exam- 
ination of  Pig.  36,  which  covers  the  arrangement  of  the  phases  of 
this  winding,  will  show  that  this  arrangement  repeats  itself  every 
30  slots,  which  means  that  equalizers  spanning  30  slots,  i.  e., 
four  poles  will  connect  slots  of  equal  potential,  with  respect  to 
the  primary  winding.     From  Fig.   33,   it  follows  that  these 
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equalizers  are  also  permissible,  as  far  as  the  regulating  winding 
is  concerned. 

A  60-slot  annatiu-e  is  particularly  suitable  for  this  type  of 
winding,  as  it  can  be  wound  with  2,  4,  6,  8,  10  and  12  poles.  It  is 
possible  to  use  the  same  conmiutator  and  brush  rigging  for 
motors  having  4,  6,  8  and  12  poles,  by  building  the  secondary 
with  6,  4,  3,  and  2  phases,  respectively.  This  leads  to  a  reduc- 
tion in  the  number  of  required  mechanical  parts  for  motors  of 
different  frequencies  and  speeds,  which  is  very  advantageous 
from  a  manufacturing  point  of  view,  and  will  make  this  type  of 
motor  less  costly  as  soon  as  there  is  a  sufficient  demand  for  it. 
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THE  SECOMOR 

A    Kinematic    Device    Which    Imitates    the 

Performance    of   a   Series-wound 

Polyphase  Commutator  Motor 

BY   V.    KARAPETOPP 


Abstract  of  Paper 
The  device  consists  of  four  bars  of  adjustable  useful  length 
and  with  adjustable  angles.  These  bars  can  be  set  in  a  com- 
bination to  represent  the  vector  diagram  of  voltages  in  a  motor 
with  any  desired  constants.  By  moving  the  bars  to  vary  the 
load,  complete  performance  characteristics  of  the  motor  can  be 
obtained,  including  the  speed,  the  torque,  the  power  factor,  etc. 
An  additional  device  called  the  impedometer  permits  to  take 
into  account  the  impedance  drop  in  the  machine.  An  adjustable 
saturation  curve  made  of  soft  wire  is  used  in  connection  with 
the  secomor,  to  enable  one  to  investigate  the  effect  of  saturation. 
A  brief  graphical  theory  of  the  motor  precedes  the  description 
of  the  secomor  to  make  its  action  understandable. 


List  op  Symbols  Used 

E  total  useful  voltage  (or  counter  e.  m.  f .)  of  the  machine. 

El  stator  e.  m.  f . 

Et  rotor  e.  m.  f .  at  standstill. 

/  current  in  the  machine  without  the  transformer. 

1 1  stator  current  with  the  transformer  (Fig.  11). 

It  rotor  current  with  the  transformer  (Fig.  11) 

/«»  exciting  current  of  the  machine  (Fig.  6) 

io  exciting  current  of  the  series  transformer  (Fig.  11). 

M  exciting  m.  m.  f.  of  the  machine  (Fig.  6). 

Ml  stator  m.  m.  f . 

Mt  rotor  m.  m.  f . 

ni  eflfective  stator  ttuns 

«i  effective  rotor  turns. 

P  line  voltage. 

r  resistance  of  the  motor  circuit 

J  •  slip  expressed  as  a  fraction. 

u  ratio  Wj/wi  of  the  effective  rotor  turns  to  the  effective 
stator  turns. 
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X       leakage  reactance  of  the  machine. 

Zi     primary  leakage  impedance  of  the  series  transformer. 

Zi     secondary  leakage  impedance  of  the  series  transformer. 

2       leakage  impedance  of  the  machine. 

a      brush  shift  angle  measured  from  the  opposition  setting. 

a'     same,  modified  by  the  transformer  magnetizing  current. 

Fig.  12. 
/3    )  angles  defined  in  Pig.  6 
7i  )  an  angle  defined  in  Fig.  12. 
*      useful  flux  in  the  air-gap. 
4>     phase  angle  of  the  machine. 

A.   Introduction 

r'HE  MEANING  of  the  Name  Secomor:  An  abbreviation  of 
the  words  "series  commutator  motor". 

What  the  Secomor  is,  A  combination  of  movable  and  ad- 
justable bars  (Pig.  9)  which  can  be  set  to  represent  a  vector 
diagram  of  voltages,  currents,  m.m.f's  and  fluxes  in  a  series- 
wound  polyphase  commutator  motor  with  any  desired  constants. 

The  Purposes  of  the  Device,  (1)  To  enable  a  designer  to  select 
the  best  electrical  constants  and  to  ''test"  a  motor  before  it 
has  been  actually  built  j  (2)  To  take  the  place  of  a  complicated 
circle  diagram  which  does  not  hold  true  anyway  when  the  iron 
is  saturated;  (3)  To  do  away  with  an  involved  analytical  theory 
because  it  is  often  difiicult  to  see  the  effect  of  separate  factors 
upon  the  performance  characteristics,  and  because  it  takes  con- 
siderable mathematical  skill  to  deduce  the  equations  of  the 
various  loci;  (4)  To  add  the  judgment  of  the  eye  and  the  skill 
of  the  hands  to  the  purely  mental  ability  in  selecting  the  con- 
stants of  a  motor  for  a  desired  performance,  or  in  judging  the 
characteristics  for  asstimed  constants;  (5)  To  enable  an  investi- 
gator or  a  student  to  familiarize  himself  with  the  motor  as  if 
he  had  one  available  for  tests. 

The  performance  curves  that  the  secomor  enables  one  to  draw: 
Current,  torque,  speed,  input,  output,  efficiency,  power  factor, 
magnetizing  current.  These  may  be  obtained  just  as  easily 
at  a  constant  applied  voltage  as  at  a  constant  current,  or  under 
any  variable  conditions  of  service. 

The  factors  which  may  be  taken  into  account  and  varied  at  will 
in  the  secomor:  The  ratio  of  the  primary  to  the  secondary 
ampere  turns;  the  ratio  of  either  one  to  the  exciting  m.m.f.;  the 
angle  of  brush  shift;  the  ohmic  drop  and  the  reactive  drop; 
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sattiration  in  iron;  variable  core-loss  and  friction;  reaction  of 
short-circuited  armature  coils  upon  the  exciting  current. 

B.  General  Properties  of  the  Motor 
A  detailed  description  of  the  motor,  its  field  of  application, 
its  performance  characteristics  and  a  complete  theory,  both 
graphical  and  analytical,  will  be  found  in  E.  Arnold's  ''Die 
Wechselstromtechnik",  (1912)  Vol.  V,  Part  2,  Chap.  2.  See  also 
the  bibliography  below. 

Diagrams  of  connections  are  shown  in  Figs.  1,  2  and  3.  The 
stator  is  phase-wound  and  is  similar  to  that  of  an  induction 
motor.  The  rotor  is  like  a  d-c.  armature  with  a  commutator. 
With  a  multiple  armature  winding  the  number  of  brushes  per 


Fig.  1 — The  Stator,  the  Armature  Winding  and  the  Brushes  in 
A  Three-Phase  Commutator  Motor 

pair  of  poles  is  equal  to  the  number  of  phases;  with  a  two-circuit 
winding  it  is  considerably  less. 

The  rotor  is  connected  in  series  with  the  stator,  either  directly 
(Fig.  2),  or  through  a  current  transformer  (Fig.  3).  In  the  latter 
case  the  stator  may  be  either  star  or  mesh  connected. 

Characteristics  and  the  field  of  application.  The  motor  has  a 
speed-torque  characteristic  similar  to  that  of  a  d-c.  or  single- 
phase  series  motor.  As  the  load  increases  the  speed  decreases. 
At  no-load  there  is  a  tendency  to  run  away.  Roughly  speaking, 
one  may  consider  the  motor  as  a  combination  of  three  single- 
phase  series-connected  motors  built  on  the  same  frame.  On 
account  of  the  mutual  action  between  the  phases  such  a  view  is 
not  quantitatively  correct.  The  motor  may  be  used  for  crane 
service  and  in  other  applications  in  which  it  may  replace  a 
series-wound  d-c.  motor.     A  peculiar  field  of  its  own  is  in  cascade 
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connection  with  an  induction  motor,  as  a  counter  e.m.f.  arrange- 
ment for  speed  control.  This  is  useful  in  mine-hoist  work  and 
in  rolling  mills;  see  Arnold,  p.  266.  A  shimt-connected  poly- 
phase commutator  motor  is  also  suitable  for  cascade  connection.* 
Advantages  of  a  series  transformer  (Fig.  3):     (a)  The  stator 


Fig.  2 — Three-Phase  Series  Commutator  Motor — the  Armature 
Supplied  at  the  Line  Voltage 

may  be  wound  for  a  comparatively  high  voltage,  e.g.^  2200 
volts;  (b)  The  rotor  may  be  wound  for  such  a  value  of  current 
as  to  give  the  best  commutation;  (c)  When  the  machine  is  used 
as  a  generator,  for  example  in  regenerative  braking,  there  is  a 
possibility  of  a  harmful  direct  current  or  of  low-frequency  alter- 
nating currents  produced  in  the  armature,  due  to  self-excitation. 


ZET"^^ 


Primary 


WSV 


m\ 


.-^OOOOQOO— ^^^^^^^yyyj 


Fig.  3 — Three-Phase  Series  Commutator   Motor — the  Armature 
Supplied  Through  a  Transformer 

By  saturating  the  current  transformer  this  tendency  is  counter- 
acted; see  Arnold,  p.  64.  (d)  By  properly  selecting  the  satura- 
tion and  the  magnetizing  current  of  the  transformer  the  speed 
above  synchronism  may  be  controlled  to  some  extent,  so  that 
the  motor  does  not  run  away  when  the  load  is  removed. 

♦See  J.  D.  Wright,  General  Electric  Review,  1916,  p.  104. 
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Four  fundamental  properties  of  an  armature  connected  to  a 
polyphase  a-c.  circuit  through  a  commutator  and  brushes,  Figs, 
1  and  2. 

(a)  The  currents  in  the  armature  conductors  are  of  the  same 
frequency  as  the  line  currents,  independent  of  the  speed  of 
rotation.  Call  the  armature  coils  (Fig.  1)  between  two  ad- 
jacent brushes  ''a  group".  The  function  of  the  commutator  is 
to  transfer  the  coils  in  succession  from  one  group  to  the  next. 
But  a  new  coil  is  always  substituted  in  place  of  the  one  trans- 
ferred, so  that  the  group  persists  and  forms  a  steady  path  for 
the  line  currents.  This,  of  course,  does  not  apply  to  the  coils 
undergoing  conmiutation,  in  which  high-frequency  currents  are 
induced. 

(b)  The  voltages  induced  in  the  armature  conductors  are 
always  of  the  same  frequency  as  that  of  the  stator  flux  which 
induces  them.  The  relative  speed  of  rotation  of  the  flux 
and  armature  influences  only  the  magnitude  of  the  induced 
voltage  but  not  its  frequency.  Consider  a  d-c.  machine  in 
which  the  field  current  and  the  flux  are  periodically  varied. 
The  e.m.f .  induced  between  the  brushes  undergoes  corresponding 
fluctuations.  If  the  field  be  varied  harmonically,  the  induced 
e.m.f.  will  also  vary  at  the  same  frequency  according  to  a  sine 
law.  Speeding  up  the  armature  or  slowing  it  down  will  influence 
the  value  of  the  induced  voltage,  but  its  frequency  is  always 
that  of  the  flux.  With  a  constant  flux  the  voltage  is  also  con- 
stant. Similarly,  in  an  a-c.  motor  the  instantaneous  voltage 
induced  in  a  group  of  coils  between  adjacent  brushes  is  propor- 
tional to  the  instantaneous  value  of  the  stator  flux  and  to  the 
speed  of  rotation.  The  stator  flux  varies  at  the  impressed 
frequency,  and  so  does  the  induced  voltage.  This  simple  prop- 
erty of  armature  currents  and  voltages  makes  it  possible  to  use 
vector  diagrams  at  any  speed  of  rotation.  It  will  be  remem- 
bered that  in  an  induction  motor  (without  commutator)  the 
frequency  of  the  secondary  currents  depends  upon  the  speed 
of  the  rotor. 

(c)  The  magnetomotive  force  and  the  flux  due  to  the  armature 
currents  are  nearly  the  same  whether  the  armature  is  revolving 
or  is  at  rest,  provided  that  the  armature  current  is  kept  constant. 
We  have  seen  above  that  the  groups  of  armature  coils  between 
the  brushes  are  always  stationary,  and  the  currents  that  flow 
through  these  groups  are  of  the  same  frequency  as  the  line 
currents.     Hence,  the  m.m.fs.  of  the  individual  groups  are  sta- 
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tionary  in  space  at  all  speeds  of  the  armature.  The  combined 
action  of  several  groups  of  coils  produces  a  revolving  field, 
same  as  in  the  stator  winding,  and  this  field  glides  synchro- 
nously in  the  air-gap  with  respect  to  the  brushes,  no  matter  what 
the  speed  of  the  armature  might  be.  The  m.m.f.  due  to  high- 
frequency  currents  in  the  coils  undergoing  commutation  is  a 
distiu-bing  factor,  being  a  function  of  speed,  current,  stator 
flux,  etc.,  but  its  effect  is  usually  small.  For  its  computation 
see  Arnold,  pp.  23  and  56. 

(d)  The  leakage  reactance  of  a  commutated  armature  is  a 
function  of  its  speed,  unlike  that  of  ordinary  a-c.  windings. 
Two  kinds  of  leakage  fluxes  may  be  distinguished,  (1)  those 
linking  with  individual  armature  conductors  or  with  groups  of 
conductors  belonging  to  the  same  phase,  and  (2)  those  linking 
with  conductors  belonging  to  different  phases.  The  first  named 
fluxes  (phase  leakage)  are  carried  around  with  the  conductors 
and  cause  a  reactance  drop  which  is  independent  of  the  speed 
of  rotation  of  the  armatiu-e.  The  latter  fluxes  (interlinked 
leakage)  in  combination  form  a  true  revolving  flux  which  glides 
synchronously  in  the  air  gap  whether  the  armature  is  standing 
still  or  revolving  at  any  speed. 

The  effect  of  the  interlinked  leakage  flux  depends  upon  the 
slip  of  the  armature.  At  synchronous  speed  the  armature 
conductors  do  not  cut  this  flux  at  all,  and  the  only  reactance 
is  that  due  to  the  phase  fluxes  which  travel  with  the  conductors. 
At  standstill  the  interlinked  leakage  flux  exerts  its  full  effect* 
At  speeds  above  synchronism  the  armature  conductors  cut  this 
flux  in  the  opposite  direction,  so  that  it  partly  compensates 
for  the  effect  of  local  or  phase  fluxes.  At  a  certain  synchronous 
speed  the  total  armature  reactance  becomes  zero,  and  beyond 
that  speed  it  becomes  negative.  Whatever  the  theory  of  the 
phenomenon,  actual  experiments  show  that  the  reactance  of  a 
commutated  armature  winding  decreases  with  increasing  speed. 
See  Arnold,  p.  20. 

Brush  shift  and  the  m.m.fs.  The  alternating  currents  in  the 
three  stator  phases  together  produce  an  m.m.f.  Mi  (Pig.  4)  of 
constant  amplitude.  This  m.m.f.  is  distributed  in  space  ap- 
proximately according  to  a  sine  law,  and  it  glides  synchronously 
along  the  air  gap.  The  action  is  the  same  as  in  the  stator  of  an 
ordinary  polyphase  induction  motor;  see  for  example  the  theory 
as  treated  in  the  author's  ''Magnetic  Circuit",  p.  128.  The 
three  rotor  currents  together  produce  a  similar  gliding  magneto- 
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motive  force  Mt,  whether  the  armature  is  revolving  or  stationary. 
Its  position  in  space  with  respect  to  Mi  depends  only  upon  the 
angle  of  brush  shift  and  is  independent  of  the  value  of  the 


SUtor 


Pig.  4 — Stator  and  Rotor  m.  m.  f's  in  Space — the  Brushes  Are  in 
THE  Neutral  Position 

ctirrent  or  of  the  speed  of  rotation.  This  is  because  the  m.m.fs. 
in  a  commutated  armature  are  the  same  as  if  the  armature  were 
at  rest  (see  proof  above).     In  a  certain  position  of  the  brushes 
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Pig.  6 — Stator  and  Rotor  m.  m.  f's.  and  the  Resultant  Flux  in 
Space — the  Brushes  are  Shifted  by  an  Angle  a  in  the  Direction 

OF  Rotation 

called  neutral  the  stator  and  the  rotor  m.m.fs.  are  in  phase 
opposition  in  space  (Fig.  4).  In  this  paper  the  angle  of  brush 
shift  a  is  meastired  from  this  position.  Arnold  measures  the 
brush  shift  angle  p  from  the  position  at  which  Mi  and  Mt  are 
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in  phase  coincidence.  Hence,  his  p  =  180  deg.  —  a.  In  the 
secomor  it  is  more  convenient  to  deal  with  an  acute  angle  a 
than  with  an  obtuse  angle  p. 

The  Torque,  In  the  neutral  position  of  the  brushes  (Fig.  4) 
the  mechanical  force  between  the  stator  and  the  rotor  is  simply 
a  radial  repulsion,  and  the  motor  develops  no  torque.  Let  now 
the  brushes  be  shifted  by  an  angle  a  (Fig.  5)  in  the  direction  of 
rotation  of  both  m.m.fs.  The  resultant  m.m.f.  M  in  the  air- 
gap  is  equal  to  the  sum  of  Mi  and  M^y  and  the  flux  *  which  M 
produces  is  out  of  phase  with  Mi  and  Afj.  The  relations  shown 
in  Fig.  5  are  also  indicated  vectorially  in  Fig.  6,  which  is  a  space 
(not  time)  diagram.  The  actual  air-gap  flux  f>  may  be  resolved 
into  two  space  components,  one  in  phase  (or  phase  opposition) 
with  Jiff,  the  other  in  quadrature  with  it.     These  components 


Fig.  6 — A  Vector  Representation  of  the  m.  m  f's.  and  Flux  Shown 
IN  Fig.  5 — Space  Diagram 

are  marked  *  cosjS  and  ^  sinjS  respectively.  The  in-phase 
component  ^  cosjS  increases  or  reduces  the  fictitious  flux  due 
to  the  rotor  winding  itself,  and  produces  no  torque  with  the 
armature  currents.  The  useful  torque  is  due  entirely  to  the 
interaction  between  the  quadrature  component  ^  sinjS  of  the 
air-gap  flux  and  the  armature  m.m.f.  Afa.  There  is  a  similar 
relationship  in  a  d-c.  machine  with  the  brushes  in  the  neutral, 
no  torque  being  produced  between  the  armature  conductors  and 
the  flux  of  armature  reaction.  The  useful  flux  must  be  in  space 
quadrature  with  that  which  the  armature  windings  themselves 
excite. 

Direction  of  Rotation  of  the  Armature.  By  marking  the  direc- 
tions of  the  currents  and  fluxes  in  Fig.  5  and  applying  the  famil- 
iar right-hand  screw  rule  one  finds  that  the  torque  is  exerted 
upon  the  armature  conductors  in  the  direction  in  which  the 
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brushes  are  shifted  from  the  neutral.  A  simple  way  to  check 
this  fact  is  to  consider  the  fictitious  fluxes  due  to  Mi  and  Mt 
acting  alone.  Since  the  m.m.fs.  are  nearly  in  phase  opposition, 
these  fluxes  repel  each  other,  and  the  armature  tends  to  carry 
its  m.m.f .  away  from  Mi,  by  moving  to  the  left.  The  stationary 
brushes  fix  definite  groups  of  armature  conductors  in  space,  so 
that  the  armature  moves  away  steadily  without  coming  into 
a  position  of  stable  equilibrium.  If  the  brushes  were  shifted 
in  the  opposite  direction,  the  direction  of  rotation  would  be 
reversed.  It  is  of  importance  to  note  that  the  characteristics 
of  the  motor  are  entirely  different  for  the  two  directions  of 
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Fig.  7 — Time  Diagram  of  Voltages  and  Data  for  Performance 

Characteristics 


rotation.  In  the  first  case  the  armature  conductors  revolve  in 
the  direction  of  the  flux,  so  that  the  rotor  e.m.f.  at  synchronism 
becomes  zero,  and  then  its  sign  is  reversed.  In  the  second  case 
the  rotor  e.m.f.  increases  indefinitely  with  the  speed  of  rotation. 
In  practise  the  first  combination  has  been  used  so  far,  and  is 
the  only  one  considered  in  this  paper. 

C.   Time  Diagram  of  E.M.Fs. 
Consider  the  motor  running  at  a  given  current,  which  is  kept 
constant  and  let  the  speed  vary,  the  terminal  voltage  being  ad- 
justed for  each  speed.     The  e.m.fs.  Mi  and  M2  are  constant  and 
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so  is  the  restiltant  flux  ^,  so  that  Pig.  6  applies  at  all  speeds. 
The  flux  *  induces  certain  e.m.fs.  in  the  stator  and  rotor  windings, 
and  these  e.mis.  are  shown  in  Fig.  7. 

Fig.  7  is  a  time  diagram,  and  it  shows  the  applied  voltage 
OK  ^  P  consumed,  in  three  parts:  {\)  0  A  =  Ex  is  that  part 
of  the  applied  terminal  voltage  which  is  equal  and  opposite  to 
the  e.m.f.  induced  by  flux  ^  in  the  stator  windings.  For  the 
sake  of  brevity  JEi  is  further  referred  to  as  the  stator  voltage. 
(2)  -4  C  =  5  JEi  is  the  voltage  consumed  in  the  rotor,  in  opposi- 
tion to  the  e.m.f.  induced  by  flux  ^.  (3)  CK^Iziz  the  imped- 
ance drop  in  the  windings  of  the  machine  and  in  the  brushes. 

The  voltage  induced  in  the  rotor  is  proportional  to  per  cent 
slip,  being  zero  at  synchronism.  Let  A  B  ^  E%he  the  voltage 
which  balances  that  induced  in  the  rotor  at  standstill.  With 
the  brushes  in  the  neutral,  E%  leads  £i  in  time  by  180  deg. 
Shifting  the  brushes  forward  by  an  angle  a  is  eqmvalent  to 
retarding  the  armature  with  respect  to  the  revolving  flux  by 
the  same  angle,  so  that  Et  leads  £i  by  (180  deg.  —  a).  At  a 
slip  s,  the  secondary  voltage  is  no  more  A  B,  but  is  -4  C  =  5  £t. 
The  restdtant  voltage  E  =  O  C  balances  the  total  counter  e.m.f. 
of  the  machine. 

In  an  ideal  motor,  without  internal  resistance  or  reactance, 
0  C  is  identical  with  the  terminal  voltage  P,  As  the  speed 
increases  from  zero  to  synchronism,  with  the  current  kept  con- 
stant, point  C  moves  along  B  A  from  B  to  A.  Above  synchro- 
nism the  sign  of  Et  is  reversed  and  point  C  moves  ftuther  towards 
D,     For  points  to  the  left  of  B  the  machine  acts  as  a  generator. 

In  an  ideal  motor  no  power  is  constuned  at  standstill  so  that 
the  applied  voltage  0-B  at  the  speed  zero  must  be  in  leading 
quadrature  with  the  horizontal  current  vector  /,  which  is  the 
reference  vector.  Thus  0-B  in  the  diagram  must  be  vertical. 
As  the  speed  increases  the  phase  angle  between  0  C  and  I  de- 
creases. By  continuing  B  D  ftuther  to  the  right  to  its  inter- 
section with  /,  a  super-synchronous  speed  is  found  at  which  the 
applied  voltage  is  in  phase  with  the  current.  Beyond  that 
speed,  the  motor  takes  in  a  leading  current. 

The  Triangles  of  Voltages  and  of  m.m.fs,  are  Similar,  In  the 
construction  of  the  secomor  use  is  made  of  the  fact  that  the 
triangles  0^4  ^  in  Figs.  6  and  7  are  similar.  The  two  m.m.fs., 
Ml  and  M%,  being  produced  by  the  same  current  are  displaced 
in  space  by  180  deg.—  a,  where  a  is  the  brush  shift  angle  measured 
from  the  opposition  point  (Pig.  5).     Similarly,  the  two  voltages, 
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El  and  £i,  being  induced  by  the  same  flux  ^,  are  displaced  in 
time  by  180  deg.— a.  The  ratio  of  Mi  to  M^  is  equal  to  that  of 
the  effective  numbers  of  turns  in  the  stator  and  in  the  rotor; 
the  ratio  of  Ex  to  E%  is  equal  to  the  same  ratio  of  turns.  Thus, 
the  two  triangles  have  an  equal  angle  between  two  proportional 
sides,  and  therefore  are  similar.  This  important  relationship 
permits  to  incorporate  the  m.m.f.  triangle  OA'B'  in  the  time 
diagram  (Fig.  7)  and  to  do  away  with  a  separate  space  diagram. 
To  take  into  account  the  m.m.f.  of  the  short-circuited  coils 
undergoing  commutation  a  slight  correction  is  necessary;  see 
Arnold,  p.  66. 

Leakage  Inductance.  Both  the  stator  and  the  rotor  windings 
are  linked  with  leakage  fluxes,  and  the  corresponding  reactances 
cause  a  voltage  drop  in  time  quadrature  with  the  current.  The 
eflfect  of  the  reactance  is  shown  in  Fig.  7  in  the  usual  way,  by 
adding  a  vector  I  xto  the  voltage  0  C.  As  is  explained  above, 
the  total  armature  reactance  depends  upon  the  speed  of  the 
machine,  so  that  the  vector  I  x  consists  of  two  parts,  one  pro- 
Ix>rtional  to  /  only,  and  the  other  proportional  to  /  and  to  the 
slip  s, 

Ohmic  Drop,  Iron  Loss  and  Friction.  The  ohmic  drop  in  the 
machine  is  taken  into  account  in  the  usual  way  by  means  of 
the  vector  7  r  in  phase  with  /.  In  a  variable-speed  machine  the 
iron  loss  is  rather  a  complicated  function  of  both  the  current  and 
the  speed,  so  that  it  is  hardly  feasible  to  take  it  into  account  in 
a  vector  diagram.  The  same  is  true  to  some  extent  of  the  fric- 
tion and  windage  loss.  The  simplest  way  is  to  disregard  them 
in  the  vector  diagram  and  to  correct  the  obtained  values  of 
input  and  output  afterwards.  One  may  also  increase  the  actual 
ohmic  resistance  of  the  machine  so  as  to  include  the  iron  loss 
in  the  term  /*r,  and  consequently  in  the  vector  /r,  but  the 
procedure  is  of  doubtful  accuracy  and  value. 

The  Saturation  Curve,  In  a  series-wound  machine  it  is  hardly 
permissible  to  disregard  the  effect  of  saturation  in  the  magnetic 
circiiit  upon  the  performance  at  large  values  of  current.  The 
starting  torque  and  the  characteristics  at  low  speeds  are  appre- 
ciably affected  thereby.  Let  Fig.  8  represent  the  a-c.  satiu-ation 
curve  of  the  magnetic  circuit  of  the  machine.  To  obtain  it 
experimentally,  the  brushes  are  raised  from  the  commutator, 
and  the  armature  is  run  at  the  synchronous  speed  by  some  ex- 
ternal power.  The  stator  winding  is  connected  to  a  source  of 
variable  a-c.  voltage,  and  a  series  of  readings  is  taken  of  the 
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voltage  El  and  of  the  corresponding  magnetizing  current  /«,. 
The  values  of  Ei  are  corrected  for  the  ohmic  drop  and  those  of 
Im  for  the  core  loss.  The  corrected  values  give  the  curve  shown 
in  Fig.  8.  This  curve  is  used  in  connection  with  the  diagram  in 
Fig.  7,  and  also  in  connection  with  the  secomor. 

D.  Performance  Characteristics  op  the  Motor 
The  brush  shift  angle  a  and  the  ratio  u  =  Afj/Afi  of  the 
effective  rotor  tiuns  to  the  effective  stator  turns  are  the  data  to 
begin  with.  These  determine  the  shape  of  the  triangle  0  A  B 
(Fig.  7).  Its  position  with  respect  to  I  is  also  determined  since 
05  is  perpendicular  to  /.  Let  OA'B'  be  the  m.m.f.  triangle 
transferred  from  Fig.  6.  Then  if  we  make  0 A'  equal  to  / 
(in  magnitude  only,  but  not  in  phase),  OB'  will  represent  the 
magnetizing  current  7^.     This  is  because  in  Fig.  6  all  the  three 


Fig.  8 — An  Adjustable  Saturation  Curve  Made  of  Soft  Wire 

sides  of  triangle  0  A  B  have  a  common  factor  «i,  that  is,  the 
number  of  stator  turns. 

From  the  saturation  curve  (Fig.  8)  we  get  the  value  of  Ei 
corresponding  to  this  magnetizing  current  and  lay  it  off  as  0  ^ . 
This  determines  the  direction  B  D,  The  rest  of  the  problem  is 
to  find  such  a  point  C  that  the  impedance  triangle  I  x,  I  r, 
constructed  at  it,  would  give  the  desired  terminal  voltage 
0  K  ==  P  in  magnitude.  This  is  purely  a  geometrical  problem 
which  can  be  solved  either  analytically  or  graphically.  In  the 
secomor  the  point  C  is  found  mechanically,  by  means  of  a  few 
simple  trials,  shifting  one  part  of  the  device  relatively  to  another. 
Herein  lies  one  of  the  principal  advantages  of  the  secomor  over 
the  analytical  or  the  graphical  method. 

Speed,  In  Fig.  7,  B  C  -  (1  —  5)  £2,  so  that  the  speed  of  the 
machine   (1  —  ^)  =  B  C/B  A,   expressed  as  a  fraction  of  the 
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synchronous  speed.  Instead  of  measuring  every  time  two 
lengths  and  taking  their  ratio,  it  is  convenient  to  draw  an 
arbitrary  straight  line  A'^B"  parallel  to  A  B.  Produce  B  0  and 
-4  O  so  as  to  get  points  B'  and  A",  and  divide  A'B"  into  100 
equal  parts,  beginning  with  zero  at  B".  Extend  the  divisions 
both  ways  to  cover  the  operation  above  the  synchronous  speed, 
and  also  with  the  machine  running  backward  as  a  generator. 
For  any  operating  point,  such  as  C,  extend  0  C,  and  read  per 
cent  speed  at  C,  A  proof  for  this  construction  follows  directly 
from  the  similar  triangles  OAB  and  O  A"  B'. 

Input,  Output  and  Efficiency.  The  vector  K  K'  is  the  com- 
ponent of  the  applied  voltage  P  in  phase  with  the  current. 
Therefore  K  K'- 1  represents  the  input  into  the  motor  per  phase. 
To  it  should  be  added  the  estimated  core  loss  in  the  stator. 
The  mechanical  output  is  proportional  to  the  component  of  the 
counter-e.m.f.jjE,  in  phase  with  the  current;  hence  the  output 
is  equal  to  C  C- 1.  The  friction  loss  and  the  core  loss  in  the 
armature  should  be  subtracted  from  this  value.  The  efficiency 
is  found  as  the  ratio  of  the  true  output  to  the  true  input. 

Power  Factor.  The  power  factor,  cos  <^,  is  equal  to  the  ratio 
of  K  K'  to  0  K.  A  simple  way  to  read  it  directly  is  to  draw  the 
quadrant  N LQ  with  0  as  a  center,  using  100  convenient  divi- 
sions, for  example  100  mm.,  as  the  radius.  The  intersection  L 
oi  O  K  with  the  quadrant  determines  point  U.  Radius  O  Q  is 
marked  with  a  uniform  scale,  zero  being  at  0  to  100  at  Q.  Thus, 
the  power  factor  is  read  at  V  directly  in  per  cent. 

Torque.  In  a  d-c.  series-wound  motor  the  torque  is  a  function 
of  the  current  and  is  practically  independent  of  the  speed.  In 
the  motor  under  consideration  the  torque  is  also  independent  of 
the  speed,  except  for  the  disturbing  effect  of  the  armature  coils 
undergoing  commutation.  The  torque  depends  essentially  upon 
the  current  and  upon  the  brush  shift.  With  the  given  I  and 
a  the  torque  is  nearly  the  same  at  standstill  as  at  any  other 
speed.  But  at  standstill  A  T  represents  the  energy  component 
of  both  the  stator  voltage  £i  and  the  rotor  voltage  E^.  The 
amount  of  power  A  T-Iis  absorbed  in  the  stator  and  an  identical 
amount  is  returned  to  the  line  from  the  rotor.  Thus,  A  T-I  is 
the  torque  in  synchronous  watts,  corresponding  to  /  at  any  speed. 

Another  proof  is  as  follows:  In  Arnold,  on  bottom  of  p.  41 
the  torque  in  synchronous  watts  is  expressed  as  P  Xa  u  sin  a. 
Here  Xa  =  -Ei//*  is  the  so-called  exciting  reactance  of  the 
machine.     Multiplying  and  dividing  the  foregoing  expression 
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by  Im  we  get,  torque  =«  P  XaU  sin  a  ^  Eil  (u  I  sin  a/Im).  But 
from  the  triangle  OA'B'  (Fig.  7)  we  have  that  ul/sin  y  = 
/«/sin  a.  Substituting  in  the  preceding  equation  we  find  that 
the  torque  =  £i  7  sin  7  =  ^  T-I, 

Recapitulation,  The  motor  characteristics  (Fig.  7)  are  essen- 
tially determined  by  the  ratio  OA  to  -4  5  of  the  effective  stator 
and  rotor  ampere-turns,  and  by  the  brush  shift  angle  a.  The 
direction  of  the  vector  of  current  /  is  always  along  the  axis  of 
abscissas,  that  of  the  terminal  voltage  0  K  approaches  /  as  the 
speed  increases.  Select  a  value. of  /  and  plot  OA'^^I,  re- 
membering that  O  A'  does  not  represent  the  true  direction  of 
/  in  the  time  diagram,  but  only  its  magnitude.  Then  the  fol- 
lowing values  are  obtained: 

Magnetizing  current  0  B'  ^  I^ 

Stator  voltage  0  -4  =£1.  It  is  found  from  Fig.  8  as  the  ordinate 
corresponding  to  abscissa  /» 

Rotor  voltage  at  standstill  A  B  =  E^ 

Rotor  voltage  at  slip  s,  A  C  —  s  E% 

Total  useful  voltage  at  slip  5,  OC—E^Ei+sEt  (geometric 
addition) 

Reactive  drop  CK"  ^  Ix 

Ohmic  drop  (which  may  be  increased  to  cover  core  loss) 

Terminal  voltage  02i:  =  P  =  £  +  /x-h/r 

Slip  A'C  =  J,  where  A^B*  =  100  per  cent  slip 

Speed  C^B"  =  1  —  j,  where  A^B^  =  100  per  cent  synchronous 
speed. 

Input  K  K'l 

Output  C CI 

Efficiency  C  C/K  iC'  =  1  -  {K  K'/K  K') 

Power  factor  oos <t>^K K'/O K  ^  0 L\  where  OQ  =  OL  ^ 
100  per  cent 

Torque  in  synchronous  watts  A  T-I 

E.  The  Secomor  and  its  Use 
The  secomor  (Fig.  9)  is  built  out  of  four  flat  iron  bars;  these 
bars  represent  the  principal  vectors  in  Fig.  7.  Each  bar  is 
provided  with  a  centimeter  scale,  and  they  are  mounted  on  an 
ordinary  drafting  board.  A  sheet  of  cross-section  paper  is 
tacked  to  the  board  and  serves  as  a  universal  scale.  The  four 
bars  and  their  functions  are  as  follows: 
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(a)  The  stator  bar,  OA,  determines  the  stator  voltage  Ei  and 
the  ctirrent  OA'  =  I  (Fig.  7) 

(b)  The  rotor  bar,  D  B,  determines  the  rotor  voltages  Et  and 
sEt, 

(c)  The  speed  bar,  D''B'',  determines  the  slip  5  or  the  speed  of 
the  motor. 

(d)  The  setting  bar,  CL  determines  the  point  C  for  which  the 
useftd  voltage  E  plus  the  impedance  drop  C  K  gives  the  terminal 
voltage  P  ^  OK. 

The  setting  bar  is  pivoted  at  0  next  to  the  cross-section  paper, 
the  stator  bar  is  pivoted  on  top  of  it,  and  the  other  two  bars 
slide  on  top  of  the  stator  bar.  On  each  bar  one  edge  is  called 
the  ''reading"  edge;  on  the  pivoted  bars  the  reading  edge  passes 
through  the  geometric  center  of  the  pivot  0. 


Fig.  9 — The  Sbcomor — ^the  Notation  Corresponds  to  Fig.  7 

The  clamps  A'  and  A"  have  to  be  rather  carefully  made,  to 
permit  of  an  acciu-ate  setting  and  not  to  have  too  much  lost 
motion.  The  long  sleeve  k  of  the  clamp  slides  on  the  stator 
bar;  the  sleeves  /  and  m  guide  the  rotor  bar  as  it  slides  in  them. 
The  sleeve  m  is  pivoted  on  top  of  sleeve  ft;  /  is  connected  to  k 
by  means  of  a  pivoted  rod  n.  By  tightening  the  set  screw  on 
k  the  rotor  bar  may  be  fixed  at  any  desired  point  of  the  stator 
bar.  By  loosening  the  set  screws  on  /  and  m  the  angle  a  can 
be  adjusted,  and  after  the  screws  have  been  tightened  the  angle 
remains  constant.  Part  of  each  sleeve  is  cut  out  to  enable  one 
to  see  the  scale  and  the  reading  edges  of  the  bars. 

It  wotdd  be  inconvenient  to  use  a  protractor  for  setting  the 
rotor  bar  and  the  speed  bar  at  a  desired  brush-shift  angle  a. 
Therefore,  two  large  circular  scales  are  provided  on  the  base 
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of  the  apparatus,  with  centers  on  the  axis  of  abscissas,  at  /i  and 
ft.  These  scales  are  marked  in  degrees  and  each  is  labeled  in 
Pig.  9  ''brush  shift  scale".  To  use  the  scale /i  the  stator  bar  is 
so  turned  that  its  reading  edge  coincides  with  the  axis  of  ab- 
scissas; the  clamp  A '  is  shifted  until  the  reading  edge  of  the  rotor 
bar  passes  through  /i.  Then  the  rotor  bar  may  be  set  at  any 
desired  angle.  After  the  set  screws  on  /  and  m  have  been  tigh- 
tened the  angle  remains  unchanged  when  the  clamp  is  shifted. 
The  speed  bar  must  be  set  at  the  same  angle  at  j%,  and  the  two 
bars  must  always  be  parallel  to  each  other  when  the  secomor  is 
in  use. 

The  four  concentric  circles  with  the  centers  at  0  are  used  for 
the  applied  voltage.  Any  of  them  can  be  selected  as  a  locus  of 
point  K.  With  some  motor  characteristics  the  bars  are  not 
long  enough  to  be  used  with  the  largest  circle  and  one  has  to 
use  a  smaller  one.  One  of  the  circles  is 
also  used  for  reading  the  power  factor 
(arc  NLQ  in  Fig.  7). 

The  Impedance  Triangle  or  the  Itnpedo^ 
meter  (Fig.  10)  is  made  of  steel  with  two 
brass  indicators,  x'  and  x".  The  inclined 
bar  z  is  set  for  the  desired  ratio  of  r  to  jc 
at  synchronism  and  is  fastened  with  the  set 
Fig.  10  ~  The  Im-  screw  5  and  with  a  clamp  at  the  other  end, 
PEDOMETER  UsED  WITH  not  showTi  in  the  figure.  The  impedance 
THE  Secomor  for  drop  is  represented  by  the  inner  edges  of 
Taking  into  Account  ^j^e  three  bars.  The  ower  indicator,  x\  is 
THE  Impedance  Drop        .r^-i^j-ji        t  t       i.  u 

set  for  the  desired  value  of  /  x  at  synchron- 
ous speed,  the  upper  indicator  x"  is  set  for  the  value  oi  I  x  for 
standstill  at  the  same  current.  The  value  oil  x  for  any  sub-syn- 
.  chronous  speed  lies  between  x'  and  x",  and  for  super-synchronous 
speeds  it  lies  below  x\  These  values  can  be  readily  estimated 
by  the  eye,  the  whole  correction  for  the  impedance  drop  being 
small.  Point  K  (Fig.  7)  lies  somewhere  on  a  6  (Fig.  10)  but  it 
is  not  necessary  to  have  this  line  marked  on  the  impedometer, 
because  the  device,  when  in  use  is  lying  on  the  cross-section 
paper  with  xq  parallel  to  one  of  the  rulings  (Fig.  9),  and  the 
eye  easily  follows  the  direction  a  b. 

The  two  diverging  straight  edges  X  and  X"  (Fig.  9)  shown  in 
the  upper  right-hand  comer  of  the  secomor  serve  as  a  guage 
for  a  quick  setting  of  the  impedometer.  The  horizontal  line 
X'  is  one  of  the  rulings  on  the  cross-section  paper,  and  serves 
as  a  current  scale  and  the  locus  of  the  point  x'  of  the  impedo- 
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meter.  Bar  X  is  the  locus  for  point  x,  and  bar  X"  is  the  locus 
for  X*.     The  set  screw  Y  fixes  the  bars  in  any  desired  position. 

The  saturation  curve  (Fig.  8)  used  with  the  secomor,  is  made 
out  of  a  piece  of  ordinary  solder  wire,  and  can  be  readily  bent 
and  adjusted  by  hand  to  any  desired  shape.  The  lower  end  of 
the  wire  is  held  in  a  swivel  clamp  at  0,  and  the  upper  end  is 
clamped  at  R,  The  clamp  R  can  be  loosened  and  moved  up 
and  down  in  the  slot  T,  The  whole  is  mounted  on  a  piece  of 
board;  a  sheet  of  cross-section  paper  tacked  to  it  serves  as  a 
universal  scale. 

The  method  of  using  the  secomor  follows  directly  from  Fig. 
7,  the  setting  for  different  constants  and  for  different  loads 
being  accomplished  by  shifting  or  turning  the  four  bars.  The 
reader  can  simply  follow  the  ''Recapitulation"  above.  As  to 
the  selection  of  scales  for  volts  and  amperes,  the  simplest  method 
seems  to  be  always  to  read  everything  directly  in  centimeters 
and  to  use  constants  afterwards.  When  testing  an  actual  machine 
one  usually  reads  the  meters  without  regard  to  their  constants, 
and  later  recomputes  the  data. 

The  use  of  the  impedometer  requires  no  particular  skill  or 
precision.  Having  located  point  C  approximately  near  the 
chosen  circle  of  applied  voltage,  the  impedometer  and  the  setting 
bar  are  shifted  to  and  fro  until  the  electrical  condition  for  the 
sum  of  the  voltages  is  fulfilled.  This  condition  depends  upon 
the  speed  which  is  simultaneously  read  at  C.  Point  K  must 
always  lie  on  a  ft  (Fig.  10),  but  its  exact  position  on  a  6  is  deter- 
mined by  the  speed  of  the  machine.  At  standstill  it  must  lie 
on  the  intersection  of  a  6  with  the  indicator  x",  at  synchronism 
it  lies  on  the  intersection  of  a  6  with  x'.  At  any  other  speed  K 
divides  x'x"  in  the  same  proportion  in  which  C  divides  A^B". 
The  length  x'x"  being  small  as  compared  to  0  C  or  0  jK",  the 
judgment  of  the  eye  is  amply  sufficient.  An  engineer  who  uses 
the  device  regularly  will  soon  find  several  short  cuts  which  it 
is  not  necessary  to  mention  here. 

The  Effect  of  a  Series  Transformer.  When  the  armature  of 
the  motor  is  fed  through  a  series  transformer  (Fig.  3)  the  vector 
diagrams  (Figs.  6  and  7)  become  somewhat  more  involved,  and 
the  use  of  the  secomor  is  accordingly  modified.*  A  series  trans- 
former introduces  the  following  new  factors: 

(a)  A  magnetizing  current  and  an  appreciable  saturation  in 

*For  a  detailed  graphical  and  analytical  treatment  of  this  case  see 
an  article  by  Dreyfus  and  Hillebrand  in  the  Elektrotechnik  und  Mas- 
chinenhau.  Vol.  30  (1912),  p.  389. 
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the  transformer  core  at  speeds  remote  from  the  synchronotts 
speed,  when  the  armature  voltage  is  high. 

(b)  A  primary  and  a  secondary  leakage  impedance,  due  to  the 
transformer  windings. 

(c)  An  iron  loss  in  the  transformer  core. 

(d)  A  new  vectorial  difference  in  time  phase  between  the 
armature  and  the  field  currents,  and  consequently  a  new  space 
angle  between  the  primary  and  secondary  m.  m.  f's,  not  deter- 
mined by  the  brush  shift  alone. 

The  equivalent  electric  diagram  which  takes  the  series  trans- 
former into  accotmt  is  shown  in  Pig.  11,  for  one  phase  only. 
First,  the  actual  transformer  is  replaced  by  a  one-to-one  trans- 
former, with  the  corresponding  changes  in  the  constants  of  the 

Transformer  Exciting  Susceptance 
(Magnetizing  Current) 

yo 

(.-VV/NAAAA/- 


Transformer 


-AAA^^iyinnp-^A-AAvv^^Rn^ 


Conductance  Equivalent 

to  Core  Loss. 

Transformer 


Primary  Impedance  Zj      Secondary  Impedance  Zj 


Line 


Field 


Pig.  11 — The  Equivalent  Diagram  of  Connections  when  thb 
Armature  is  Supflied  with  Power  Through  a  Transformer,  Ac- 
cording TO  Pig.  3 

armature  circtiit.  Then  this  equivalent  transformer  is  removed 
and  an  exciting  admittance  7o  is  shtmted  arotmd  the  armattire 
to  provide  a  path  for  the  magnetizing  current  of  the  actual 
transformer  and  for  its  core  loss.  The  resistance  of  the  trans- 
former windings  and  the  effect  of  the  magnetic  leakage  are 
taken  into  accoimt  by  means  of  two  equivalent  impedances,  Zx 
and  Zj,  in  the  primary  and  armature  circuits  respectively.  The 
combination  of  7oi  Zi  and  Zt  is  equivalent  to  the  actual  trans- 
former in  its  effect  upon  the  performance  of  the  motor,  f 

The  magnetizing  current  of  the  transformer  is  a  function  of 
the  voltage  between  the  points  a  and  b  (Fig.  11),  and  is  supposed 

tPor  the  theory  of    the  replacement  of  a  transformer  by    equivalent 
mpedances  see  for  example  the  author's  Electric  Circuit,  Chap.  XI. 
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to  be  given  in  the  form  of  an  a-c.  sattiration  curve  similar  to  the 
saturation  curve  of  the  motor  itself,  shown  in  Fig.  8.  The  volt- 
age £a6  between  a  and  b  is  somewhat  different  from  the  e.  m.  f . 
s  Et  induced  in  the  armature,  the  difference  being  due  to  the 
impedance  drop  between  a  and  b.  But  it  is  only  at  speeds  far 
remote  from  synchronism  that  Eat,  and  consequently  the  mag- 
netizing current  of  the  transformer,  are  of  importance.  For 
such  speeds  the  difference  between  £«6  and  s  Et  may  be  neglected 
in  the  first  approximation,  and  the  magnetizing  current  assumed 
to  be  a  function  of  the  counter  e.  m.  f .  s  Et  of  the  machine.    A 


ApplMl  VoiUce 

^ 

7    ^^^^^ 

T 

fLff                           \ 

y^^""^ 

-_Ji 

V/        ^I?!!I>-c; 

R^^' 

*r          I.       ^A. 

__l_:>j         •, 

Pig.  12 — Vbctor  Diagram  op  Currents  and  Voltages,  Taking  Into 
Account  the  Magnetizing  Current  op  the  Transformer  and  its 
Impedance 

correction  may  be  made  later,  using  the  approximate  values  first 
obtained. 

Vector  Diagram  with  Transformer.  In  Fig.  12,  let  the  triangle 
OAB  represent  the  same  voltages  as  in  Pig.  7,  and  let  0  /  be 
the  vector  of  primary  current  /i  which  flows  through  the 
stator  windings.  The  secondary  or  armature  current  It  dif- 
fers from  1 1  by  the  amount  /©  of  the  magnetizing  cturent  in 
the  transformer,  as  shown  in  triangle  0  F  I,  The  transformer 
is  supposed  to  have  a  one-to-one  ratio.  According  to  the 
approximate  asstmiption  made  above,  /q  is  a  function  of  the 
armature  e.  m.  f . ,  a*c. ,  and  lags  behind  it  by  90  degrees  (neglecting 
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the  core  loss  in  the  transformer).     The  corresponding  correc- 
tions will  be  considered  later. 

The  m.  m.  f .  space  triangle  which  is  shown  in  Pig.  7  in  the 
position  0  A'  B\  is  shown  in  Fig.  12  in  the  position  0  I G.  One 
should  think  of  its  three  sides  as  being  multiplied  by  the  number 
»i  of  the  effective  stator  turns  (Fig.  6).  It  expresses  the  fact 
that  the  stator  ampere-tums  n\  /i  and  the  armattire  ampere- 
turns  tit  It  ^  ti  ni  li  together  give  the  magnetizing  ampere- 
turns  »i  /«  of  the  machine.  The  magnetizing  current  /«  is 
drawn  in  lagging  quadrature  with  the  stator  e.  m.  f.  Ei.  When 
the  magnetizing  current  of  the  transformer  7o  =  0  the  m.  m.  f . 
triangles  in  Figs.  7  and  12  become  identical,  except  for  their  posi- 
tion in  the  diagram  and  for  the  fact  that  in  Fig.  12  the  vectors 
are  taken  to  rotate  counter-clockwise  in  space  as  well  as  in  time. 
This  is  done  in  order  to  be  able  to  combine  the  triangles  0  F I  and 
OIG  into  one  diagram.  To  convert  the  triangle  0 A' B' 
(Fig.  7)  into  OIG  (Fig.  12),  first  turn  0  A'  B'  m  its  own  plane 
with  0  as  a  center  until  A '  lies  on  0  L  Then  rotate  the  whole 
triangle  in  space  about  the  new  axis  OA'hy  180  degrees.  Point 
B'  will  then  come  into  position  G,  and  0  B'  will  become  perpen- 
dicular to  0-4. 

The  angle  between  the  vectors  F I  =  I2  and  J  G  =  u  U  is 
equal  to  180®  —  a,  same  as  in  Fig.  7,  because  the  vector  F I 
represents  /i  as  a  component  of  the  stator  current,  while  IG 
represents  I2  as  the  rotor  current,  and  the  brush  shift  of  ot 
degrees  is  measured  from  the  opposition  setting.  Angle  a'  in 
Fig.  12  shows  the  effect  of  the  magnetizing  current  in  the  trans- 
former upon  the  space  phase-angle  between  the  stator  and  rotor 
m.  m.  f's.     When  7o  ==  0,  a'  =  a. 

Since  the  directions  0  A  and  A  B  are  fixed,  the  directions  Of 
and  0  g  of  the  vectors  of  the  two  magnetizing  currents  are  also 
fixed,  as  well  as  the  direction  0  /.  When  the  load  varies,  points 
G,  F,  and  /  move  on  their  respective  loci  in  such  a  manner  that 
the  angle  F I G  is  always  equal  to  a.  When  this  condition  is 
fulfilled  the  ratio  ot  I G  to  I  F  remains  equal  to  «.  This  prop- 
erty of  the  quadrilateral  0  F  7  G  is  of  sufficient  importance  to 
warrant  a  proof. 

Lemma.  In  a  variable  quadrilateral  such  slsO  F I G  (Fig.  12) 
in  which  the  stim  of  the  two  opposite  angles  remains  equal  to 
180®,  and  the  angles  a  and  180®— a  are  constant,  the  ratio  oi  IG 
to  I  F  remains  constant  when  the  three  vertices  7,  F,  G,  move 
in  an  arbitrary  manner  on  the  three  loci  Oi,    0/,  and  O g. 
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Proof:  If  the  sum  of  the  angles  at  O  and  /  is  eqtial  to  ir,  then 
the  stun  of  the  angles  at  G  and  F  must  also  be  equal  to  ir,  and  we 
have: 

Ji       ^     uJi_^      If 
sin  S        sin  7        sin  )3 

from  which 

sin   7 
sin   p 

With  the  motion  of  the  three  vertices  as  specified  above,  the 
angles  jS  and  y  remain  constant,  so  that  u  also  remains  constant, 
and  this  proves  the  theorem. 

This  value  of  u  is  the  same  as  that  used  in  the  construction  of 
the  voltage  triangle  OAB,  because  from  this  triangle  we  have 

sin  7  ^    A  B  _  uEi  ^ 
sin  fi         OA  £i     "  "• 

Transformer  Attachment,  In  the  secomor,  it  would  be  rather 
inconvenient  to  use  the  quadrilateral  of  currents  0  F I G  in  its 
true  position,  because  the  rods  0  F  and  0  G  would  have  to  move 
perpendicularly  to  A  B  and  0  A  respectively.  For  this  reason 
he  quadrilateral  is  turned  by  90  degrees  into  the  position 
O'  G'  V  F\  in  order  that  the  two  magnetizing  currents,  I'm  and 
/'o  may  be  represented  by  certain  lengths  0'  G'  and  0'  F'  on  the 
stator  bar  and  the  speed  bar.  The  cross-section  paper  provides 
the  direction  0'  /',  so  that  only  two  new  members  or  rods  are 
needed,  viz.,  to  represent  /'t  and  u  /'a. 

The  actual  construction  of  the  transformer  attachment  is  shown 
in  Fig.  13;  it  is  fastened  to  the  secomor  board  (Fig.  9)  in  the 
upper  left-hand  comer.  Two  strips  of  brass  are  used  to  repre- 
sent the  sides  /'  F'  and  /'  G'  of  the  quadrilateral.  They  will  be 
referred  to  as  the  secondary  current  bar  and  the  armature  m.  m.  /. 
bar  respectively.  These  bars  are  pivoted  together  on  a  setscrew 
/'  and  the  directions  of  their  inner  edges  pass  through  the  center 
of  /'.  The  bars  may  be  set  at  any  desired  angle  by  means  of  the 
graduated  scale  G  and  setscrew  S\  The  position  of  /'  on  the 
board  may  be  varied  by  moving  the  iron  rod  R  in  the  clamp  C, 
and  by  moving  the  clamp  itself  along  the  edge  of  the  board. 
5  is  a  setscrew  which  holds  R  on  C. 

To  illustrate  the  use  of  the  transformer  attachment,  let  us 
assume  that  the  performance  characteristics  are  desired  at  a 
given  total  current  /i  with  a  given  terminal  voltage.    Let  the 
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impedance  drop  (Fig.  12)  be  at  first  neglected  so  that  the  counter 
e.  m.  f .  0  C  =  £  is  equal  to  the  applied  voltage  OK"^  P.  In 
the  transformer  attachment  to  the  left,  set  the  pivot  /'  at  the 
proper  point  corresponding  to  the  given  length  O  /'  =  7i,  and 
spread  the  rods  /'  F  and  P  G  to  the  proper  angle  a.  Select  a 
reasonable  arbitrary  position  of  point  K  on  the  quadrant  of 
applied  voltage.  This  will  give  some  tentative  values  of  the 
stator  voltage  Ei-  0  A  and  of  the  armature  voltage  C  A^  KA 
=  s  Ei.     From  the  saturation  curve  of  the  motor  (Fig.  8)  the 


1©"^ 


Secondary 
Current  Bar  / 


Fig.  13 — The  Transformer  Attachment  to  the  Secomor 

magnetizing  current  I„  is  f  otmd,  and  its  value  is  marked  on  the 
stator  bar  as  (7  G'  by  bringing  the  armature  m.  m.  f .  bar  /'  G'  to 
point  G'.  Similarly,  the  transformer  magnetizing  current  /© 
corresponding  to  s  Ei  is  foimd  from  its  saturation  curve;  it 
must  check  with  the  value  0  F'  indicated  by  the  secondary 
current  bar  at  F\  If  it  does  not  check,  the  point  K  was  guessed 
at  wrong  and  a  new  trial  is  necessary.  After  a  few  trials,  the 
correct  position  of  C  or  X  is  found,  and  this  enables  one  to  find 
the  slip,  the  power  factor,  the  torque  and  the  output  of  the 
machine,  in  the  same  manner  as  without  the  transformer. 
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The  Torque.  The  expression  for  the  torque  is  not  modified 
by  the  magnetizing  current  of  the  transformer,  if  we  neglect 
the  core  loss.  Since  /©  is  in  quadrature  with  £2,  the  components 
of  /i  and  of  It  in  phase  with  £2  are  equal  to  each  other.  Thus, 
either  with  or  without  the  transformer  the  true  input  into  the 
field  at  standstill  is  equal  to  the  armature  output.  Both  are  a 
measure  for  the  torque  in  synchronous  watts,  and  the  expression 
A  T  '  lu  deduced  above,  holds  true  in  this  case,  with  the 
machine  running  or  standing  still.  In  the  language  of  the 
Vector  Analysis,  using  the  dot  for  the  inner  or  scalar  product, 
we  have: 

/i  =  /o  +  It 
(£1  +  £2)  •  /i  =  0 

Multipl)ring  the  first  equation  by  £2  •  we  get 

£2  •  /i  =  £2  •  /o  +  £2  •  It 
But  £2  *  /o  ~  0,  and  combining  the  second  and  the  third  equa- 
tions we  get 

£i  •  Ji  +  £2  •  /2  =  0. 

This  means  that  the  two  ideal  wattmeter  readings  are  equal 
to  each  other,  and  either  one  is  a  measure  for  the  torque  in  syn- 
chronous watts. 

Correction  for  Impedance.  The  impedance  drop  in  the  motor 
and  in  the  transformer  (Fig.  11)  may  be  divided  into  two  parts: 

(a)  That  due  to  current  /i  in  the  stator  winding  and  in  the 
transformer  primary; 

(b)  That  due  to  the  current  I2  in  the  motor  armature  and  in 
the  transformer  secondary. 

Consequently,  two  impedance  triangles  are  necessary,  as  is 
shown  in  Fig.  12  between  points  C  and  K.  The  long  side  of  one 
is  parallel  to  /'i,  that  of  the  other  to  Z'j.  In  many  cases  it  will 
be  permissible  to  neglect  the  difference  between  7i  and  It  and  to 
use  a  single  impedometer  (Fig.  10)  for  an  intermediate  value  of 
the  current,  but  if  a  greater  accuracy  is  required,  a  double 
impedometer  could  be  constructed,  or  a  single  impedometer 
applied  twice. 

We  shall  assume  now  that  the  point  K  has  been  tentatively 
assumed  on  the  quadrant  of  applied  voltage,  and  then  the  impe- 
dometer applied  to  find  the  point  C.  This  gives  the  position  of 
point  A  and  consequently  the  speed  and  the  magnetizing  current 
Im  of  the  motor.  The  magnetizing  current  /©  of  the  transformer 
has  been  assumed  above  to  be  a  f imction  of  the  induced  voltage 
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C  A  ^  s  Et  in  the  armature.  In  reality  it  is  a  function  of  the 
voltage  between  points  a  and  b  (Pig.  11).  This  voltage  is  equal 
to  Am  (Fig.  12),  being  a  sum  of  the  e.  m.  f .  i4  C  and  the  primary 
impedance  drop  C  m.  Thus,  a  more  accurate  value  of  /o  may 
be  taken  from  the  saturation  ciuve.  Strictly  speaking  the 
direction  of  the  new  /'©  in  the  transformer  attachment  should  be 
parallel  to  A  m  and  not  along  the  speed  bar  which  is  parallel 
to  A  C.  This  small  correction  is  best  made  by  the  judgment  of 
the  eye,  without  disturbing  the  bars. 

If  desired,  a  correction  may  also  be  made  for  the  core  loss  in 
the  transformer,  as  is  indicated  in  Fig.  11  by  an  "exciting 
conductance'*.  This  means  the  addition  to  /©  of  a  component 
in  phase  with  A  C,  or  more  accurately,  in  phase  with  A  m. 
Similarly,  the  current  Im  may  be  corrected  to  accoimt  for  the 
stator  core  loss. 

It  would  complicate  the  mathematical  theory  of  the  motor 
very  much  if  one  attempted  to  take  all  these  refinements  into 
account  accurately.  A  kinematic  attachment  for  this  purpose 
would  also  be  unnecessarily  involved  for  most  practical  piurposes. 
The  device  as  described  above  gives  a  nearly  accurate  solution  with 
a  simple  setting;  small  corrections  are  best  applied  by  the  judgment 
of  the  eye  from  this  setting.  The  transformer  attachment  has  a 
valuable  property  expressed  by  the  lemma  proven  above,  as 
long  as  the  sum  of  its  opposite  angles  is  kept  equal  to  180®.  The 
exact  values  for  the  transformer  magnetizing  current  and  for 
the  core  losses  would  destroy  this  valuable  property  without  an 
adequate  advantage  in  the  accuracy  of  the  results  achieved. 

Conclusion 

In  presenting  the  secomor  to  the  electrical  profession  the  au- 
thor wishes  to  point  out  the  possibility  of  predicting  the  perform- 
ance of  the  polyphase  series  commutator  motor  by  means  of  a 
kinematic  device.  He  also  hopes  to  arouse  interest  in  the  use 
of  similar  kinematic  devices  for  the  prediction  and  analysis  of 
performance  of  other  types  of  electrical  machinery.  Besides  the 
secomor,  he  has  designed  the  "shucomor"  or  a  kinematic  device 
which  imitates  the  performance  of  a  shunt-wound  polyphase 
commutator  motor,  and  as  a  by-product  has  obtained  a  device 
which  gives  the  performance  of  the  ordinary  induction  motor. 
Alternator  characteristics  can  probably  be  imitated  in  a  similar 
manner  as  well  as  those  of  single-phase  commutating  machines. 

The  usefulness  of  such  devices  is  not  limited  to  a-c.  machinery, 
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but  embraces  special  cases  of  d-c.  machinery  as  well.  Sometime 
ago  the  author  became  interested  in  the  operation  of  the  Entz 
electromagnetic  clutch  and  transmission  used  in  some  gasoline 
motor  cars.  He  has  built  a  kinematic  device  which  imitates  the 
performance  of  this  ingenious  clutch  at  different  engine  speeds 
and  with  any  setting  of  the  regulating  resistances.  The  satu- 
ration curves  of  the  two  d-c.  machines  are  also  incorporated  in 
the  device.  The  device  was  demonstrated  at  the  A.  I.  E.  E, 
meeting  in  Syracuse,  N.  Y.,  in  May  1917,  and  has  been  presented 
by  the  author  to  the  Electrical  Engineering  Department  of 
Syracuse  University. 

A  kinematic  device  can  no  more  replace  human  intelligence 
than  a  formula  or  a  vector  diagram  can.  But  a  mechanical 
device  helps  and  guides  an  engineer's  judgment,  and  makes  it 
possible  to  achieve  results  with  less  time  and  trouble.  One 
working  on  the  design  of  the  same  type  of  electrical  devices  year 
after  year  finally  attains  some  proficiency  and  needs  but  little 
outside  help.  But  industrial  efficiency  demand?  that  younger 
men  do  at  least  routine  designing  without  much  previous  ex- 
perience. A  mechanical  device  makes  it  safer  to  entrust  them 
with  the  determination  of  dimensions,  because  it  enables  them 
readily  to  check  the  performance.  The  effort  of  more  gifted  and 
mature  engineers  may  thus  be  devoted  to  new  developments  and 
to  large  important  problems,  and  less  of  their  time  need  be  occu- 
pied by  the  supervision  over  younger  men.  A  wide  use  of 
mechanical  devices  that  imitate  the  performance  of  electrical 
machinery  is  thus  a  step  in  the  desired  direction. 
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A  person  interested  in  some  phase  of  the  subject  should  refer  to  the 
last  volumes  of  the  principal  German  and  French  electrical  periodicals 
and  search  through  the  back  volumes  "counter-clockwise,"  until  he  has 
found  the  particular  bit  of  information  sought.  For  such  a  search  the 
entry  words  in  the  indexes  are  probably  much  more  valuable  than  a 
specific  reference  to  a  few  articles.      An  entry  word  will  enable  the  future 
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investigator  to  locate  in  time  articles  yet  unwritten.  The  magazines 
below  are  arranged  in  the  order  of  their  importance  for  the  particular  topic 
under  discussion.  The  first  two  periodicals  contain  by  far  the  largest 
amount  and  the  best  information.  Of  the  American  periodicals,  The 
General  Electric  Review  so  far  has  been  the  only  one  in  which  original 
articles  on  the  polyphase  commutator  motor  have  been  published.  Science 
Abstracts  (London),  part  B,  Electrical  Engineering,  is  a  most  useful  help 
in  literature  search  on  most  any  electrical  subject. 


Name  op  Periodical 
Elektrotechnische  7eitschrift 
Elektrotechnik  und  Maschinenbau 

ArchivfUr  Elektrotechnik 
'  General  Electric  Review 
La  Lumi^re  Electrique* 


Entry  Word  in  the  Index 
Elektromotoren 
Kollektor,  Kommutator, 

Mehrphasen 
Name  index,  see  Glossary  below 
Motors 
Machines,  Moteurs 


Glossary  of  German  and  French  Terms  for  Facilitating 
Literature  Search 


English 
machine 
motor 

single-phase 
two-phase 
three-phase 
commutator 
series- wound 
shunt-wound 

•Continued  since 


French 
machine 
moteur ' 
monophase 
diphas^ 
triphas^ 
coUecteur 
sdrie 
shunt 
1917  as  La  Revue 


German 
Maschine 

Motor  or  Elektromotor 
Einphasen  or  Wechselstrom 
Zweiphasen 
Drehstrom 

Kommutator  or  Kollektor 
Reihenschluss  or  Serien 
Nebenschluss 
GSnSrale  de  I' ElectricitL 
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COMMUTATION    IN    ALTERNATING-CURRENT 
MACHINERY 


BY  MARIUS  C.  A.  LATOUR 


Abstract  of  Paper 

As  is  now  well  known,  the  inductive  reactive  effect  of  a  com- 
muted winding  in  a  revolving  magnetic  field  decreases  directly 
with  the  increase  in  speed  from  standstill  to  synchronism,  when 
its  value  becomes  zero.  As  first  pointed  out  by  the  author 
some  years  ago,  it  becomes  negative  at  speeds  above  syn- 
chronism, under  which  condition  the  rotor  of  a  motor  operates 
as  a  capacity. 

The  author  introduces  into  the  discussion  of  the  commutating 
characteristics  of  alternating-current  commutating  motors,  his 
theory  that  perfect  commutation  in  a  continuous-current  motor 
depends  substantially  on  the  production  of  a  mean  resultant 
neutral  field  in  the  region  where  commutation  is  taking  place, 
and  shows  that  the  production  of  a  perfect  revolving  field  in  a 
polyphase  commutator  motor  assists  in  insuring  perfect  commu- 
tation at  exact  synchronism. 

In  a  single-phase  commutator  motor  a  "polyphase"  revolving 
field  can  be  produced  at  synchronism  by  utilizing  supplementary 
brushes,  short-circuited  upon  themselves,  displaceci  by  90  elec- 
trical space  degrees  from  the  main  single-phase  brushes  on  the 
commutator. 

As  in  the  case  of  polyphase  motors,  the  problem  of  securing 
perfect  commutation  at  synchronism  becomes  that  of  producing^ 
perfect  rotating  field.  It  is  shown  by  the  author  that  the  use  of 
fractional-pitch  windings  on  the  rotor  and  a  sinusoidal  distri- 
bution of  conductors  on  the  stator  is  of  much  assistance  in  this 
connection. 

In  a  motor  built  in  accordance  with  the  principles  set  forth,  the 
commutator  difficulties  are  not  serious,  the  overload  range  is 
in  excess  of  that  of  an  induction  motor,  and  the  machine  can 
act  as  a  condenser  on  the  system. 


THE  writer  has  already  had  the  honor  of  presenting  two  com- 
munications on  the  use  of  commutators  with  alternating 
currents  before  the  American  engineering  public,  the  first  being  in 
June,  1903,  in  co-operation  with  Mr.  A.  S.  Garfield  (see  The  Com- 
pounding of  Self-Excited  Alternating  Current  Generators,  for  Vari- 
ation in  Load-Factor,  in  A.  I.  E.  E.  Transactions,  Vol.  XXI,  pages 
569-577,  and  discussion,  pages  583-585) ;  the  other  being  a  paper 
presented  at  the  St.  Louis  Congress,  1904,  (''Alternating  Current 
Machines  with  Gramme  Commutators,''  published  in  Transactions 
of  the  International  Electrical  Congress  of  St.  Louis,  1904,  Vol. 

Ill,  pages  149-154). 
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The  purpose  of  the  present  paper  is  to  enter  more  deeply  into 
the  theoretical  considerations  which  were  outlined  by  the  writer 
in  his  earlier  publications,  and  which  have  since  been  verified 
by  practical  experience.  A  distinction  will  be  made  between  the 
use  of  commutators  for  polyphase  and  for  single-phase  alternat- 
ing currents. 

I — Commutator  in  Polyphase  Machinery 
Let  us  consider  a  direct-current  bipolar  armature,  A,  Fig.  1, 
placed  in  a  uniform  air  gap  inside  the  laminated  stator,  S,  with 
regularly  spaced  slots  and  receiving  sinusoidal  currents  of  p 
phases,  of  frequency  equal  to  co/27r  through />  brushes  located  at 
points  situated  2  w/p  in  angular  distance  from  each  other. 

Fig.  1  shows  diagrammatically  a  smooth  core  armature,  on 
which  four  brushes,  a,  ft,  c,  d,  make  contacts  through  which 
two-phase  (more  properly  four-phase)  currents  are  supplied. 
The  brushes,  a,  c,  receive  a  current  /  sin  co  /,  and  the  brushes  ft,  d, 
receive  a  current  /  cos  co  /.  Suppose  the  armature  to  be  at  rest 
and  let  Leo  be  its  inductance  per  phase.  If  the  armature  is 
made  to  turn  at  the  angular  velocity  coi,  measured  in  the  direc- 
tion of  the  rotating  field  developed  by  the  polyphase  currents,  it 
will  be  found  that  the  inductance  of  the  armature  becomes 
Lico—  coi);  consequently,  it  will  vanish  at  synchronism  and, 
above  synchfonism,  the  arrangement  will  operate  as  a  capacity 
(condenser). 

When  this  property  was  first  made  known  by  the  writer,  in 
his  patents,  in  1900-1901,  its  correctness  was  questioned  by 
several  prominent  electricians.  Among  these,  M.  Maurice 
Leblanc  devoted  a  long  article  (see  Eclairage  Electrique,  October 
26th,  1901,  pages  113  et  seq)  to  the  refutation  of  the  writer's 
conclusions.  Many  electricians  have,  since  then,  accepted  as 
satisfactory  the  theory  which  introduces  the  relative  velocity 
(oj  —  oji)  of  the  revolving  field  developed  by  the  armature  with 
respect  to  the  armature  itself.  Mr.  Leblanc,  however,  main- 
tained, in  his  article,  that  since  the  current,  i,  in  each  turn  of  the 
armature  winding,  preserved  its  variable  character,  no  matter 
what  the  velocity  coi  might  be,  at  any  instant  i  was  subject  to  the 

di 
same  rate  of  variation,  —j- ,  and  consequently  the  e.  m.  f .   of 

self-induction  between  the  brushes  should  persist  at  all  speeds 

As  was  shown  by  the  writer,  in  a  detailed  article,  published 

in  November,  1901,  (see  Eclairage  Electrique,  1901,  pages  294 


Digitized  by  VjOOQIC 


1018] 


LATOUR:   COMMUTATION 


357 


et  seq)t  it  is  qiiite  true  that  the  e.  m.  f.  of  self-induction  of  the 
sections  included  in  the  circuit  between  the  brushes  persists  inde- 
pendently of  the  velocity  coi ;  but,  in  consequence  of  the  phenome- 
non of  commutation,  there  appears  between  the  brushes  an 
e.  m.  f.  of  opposite  sign  which  is  proportional  to  the  velocity  Wi, 
and  which  is  due  to  the  mutual  induction  between  the  sections 
which  are  short-circuited  and  those  which  are  in  the  circuit. 

In  this  connection,  let  us  consider  Fig.  1.  Let  M  be  the  co- 
eflScient  of  mutual  induction  between  the  sections  which  are 
short-circuited  by  the  brushes,  i,  rf,  and  the  sections  that  remain 
in  circuit  between  the  brushes  a,  c.  Let  n  be  the  number  of 
sections  of  the  armature.  With  brushes  covering  the  width  of  a 
commutator  segment,  the  duration  of  commutation  for  the  sco* 


Fig.  1 

tions  qf  winding  passing  under  the  brushes  6,  d,  at  the  velocity 
2ir 


«i,  will  be  r  = 


(Ui  n 


The  e.  m.  f.  Eu  developed  by  mutual 


induction  between  the  short-circuited  sections  passing  under  the 
brushes  A,  d,  (where  the  reversal  of  a  current  i  /  cos  co  /  is  talcing 
place  during  the  time  T)  and  the  sections  which  are  in  circuit 
between  the  brushes  a,  c,  (through  which  the  current  I  sin  o)t 
M    ^  .       Mn 


passes  )will  be 


/cos  cu  /  = 


27r 


COi  /  COS  (M)L 


We  first  ascertain  that  Eu  is  opposed  in  polarity  to  the  e.  m.  f . 
of  self-induction  £l  =  L  co  /  cos  co  t,  due  to  the  self-induction 
of  the  armature;  and  we  then  can  show  that,  in  the  case  where 
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each  section  of  the  armature  is  supposed  to  produce  a  sinusoidal 

Afn 
flux  at  the  armature  periphery,  we  will  have  —^r—  =  L  and  con- 

sequently  Ei,—  E^  =  L  {(a  —  coi). 

It  is  to  be  noted  that  the  same  expression  may  be  obtained  for 
the  e.  m.  f .  (£m)  by  supposing  it  to  be  induced  by  the  rotation 
of  the  armature  in  its  own  field  produced  by  the  current  sent 
through  brushes  a,  c\  but  this  explanation  of  the  appearance  of 
the  e.  m.  f .  E^,  though  it  may  always  be  correct  from  the  mathe- 
matical point  of  view,  is  not  quite  so  near  the  physical  reality, 
since,  as  a  matter  of  fact,  the  field  of  the  armature  itself  must 
follow  the  armature  in  its.  rotation. 

The  fact  that  the  armature  in  the  arrangement  shown  in  Fig.  1 
can  operate  as  a  capacity  (namely  when  Wi  exceeds  co)  was  of 
particular  interest  to  ^r.'  Leblanc,  who,  about  that  time  (in 
1902)  was  endeavoring  to  find  a  simple  electrical  system  suscep- 
tible of  being  used  in  place  of  the  condensers  which  he  was  placing 
in  the  rotors  of  induction  motors,  for  the  purpose  of  improving 
their  power-factor.  He  had  even,  for  that  purpose,  devised  the 
combination  of  two  single-phase  machines  provided  with  com- 
mutators. In  Mr.  Leblanc's  arrangement  an  induction  motor  C 
was  connected  in  cascade  with  a  simple  armature  A,  such  as  that 
shown  in  Fig.  1,  running  at  a  speed  greatly  in  excess  of  synchron- 
ism with  respect  to  the  frequency  of  the  rotor  currents  of  ma- 
chine C  (see  Fig.  2).  This  was  an  immediate  indication  of  the 
value  of  the  writer's  article  of  November  23rd,  1901,  as  Mr. 
Leblanc  himself  has  since  expressly  acknowledged,  (see  La 
Lumiire  Electrique,  July  12th,  1913,  page  60,  and  the  Electricien, 
July  25th,  1913,  page  658).* 

The  Swiss  firm  of  Brown-Boveri,  utilizing  the  methods 
patented  by  M.  Leblanc  for  improving  the  power-factor  of  in- 
duction motors,  has  put  on  the  market,  in  the  last  few  years, 
under  the  name  of  phase-compensator,  armatures  with  commu- 
tators rotating  above  synchronous  speed.  Fig.  3,  made  from  a 
photograph,  shows  one  of  these  arrangements,  designed  for  a 

♦The  writer  had  formally  proposed  that  combination  in  a  letter 
addressed  to  Industrie  Electrique  (in  1902)  which  was  not  pub- 
lished; but  the  writer,  in  any  case,  considers  that  M.  Leblanc  should  be 
credited  with  the  idea  of  placing  condensers  or  any  dynamic  apparatus 
equivalent  to  them  in  the  rotor  of  induction  motors  for  the  purpose 
of  improving  their  power-factor.  It  is  by  mistake  that  the  arrangement 
shown  in  Fig.  2  was,  during  a  certain  time,  attributed  to  Mr.  Scherbius. 
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500  h.p.  motor,  operated  by  a  motor  of  0.8  h.p.,  running  at 
1000  rev.  per  min.  This  outfit  relieves  the  supply  mains  of 
the  necessity  of  furnishing  180  kv-a.  of  reactive  current. 

With  respect  to  the  introduction  of  a  commutator  to  bring 
the  power-factor  of  an  alternating  ciurent  system  up  to  unity, 
the  question  has  been  asked  whether  it  would  not  be  possible  to 
raise  the  power-factor  to  unity  in  an  alternating  current  system 
in  some  other  way  than  by  the  introduction  of  a  commutator. 
The  answer  to  that  question  is  known  to  be  negative. 

If  we  consider  a  system  of  non-deformable  electric  circuits 
composed  of  any  number  p  whatever,  and  at  rest,  the  writer  has 
shown  (see  LumiSre  Electrique,  1907,  page  5)  that  whatever  may 
he  the  complexity  of  the  mutual  inductions  between  the  circuits 
considered  by  pairs,  the  system  can  only  absorb  magnetizing 
power,  and  cannot  supply  any.  The  writer  demonstrated,  in 
fact,  that  the  determinant  which  can  be  constituted  with  all  the 


c 


Pig.  2 

induction  coefficients  is  necessarily  positive.     A  particularly  well 
known  case  for  two  circuits  is 


M    L; 


>  0 


Finally,  the  late  Prof.  Henry  Poincar6 — to  whose  attention 
the  writer  had  brought  the  more  general  statement  of  the  case, 
to  the  effect  that  the  appearance  and  maintenance  of  any  cur- 
rents whatever  in  a  system  of  stationary  or  moving  circuits  is 
impossible  without  the  existence  either  of  batteries  or  permanent 
magnets,  or  else  of  capacities  or  of  means  capable  of  modifying 
the  internal  connections  of  the  circuits  (such  as  by  commutators) 
— demonstrated  that  a  theoretical  necessity  was  really  involved 
(see  Lumi^re  Eleetrique,  March,  1907,  page  293). 

The  possibility  of  raising  the  power-factor  to  unity  without 
the  use  of  a  commutator  would  involve  the  negation  of  this  neces- 
sity, and,  therefore,  could  not  exist. 
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In  accordance  with  what  has  been  said  previously,  with  refer- 
ence to  the  expression  of  the  armature  inductance  in  Pig.  1, 
under  the  form  L  (co  —  coi),  it  can  be  supposed,  in  order  to  obtain 
a  first  classical  approximation,  that  the  flux  per  phase  on  the 
armature-periphery  is  sinusoidal.  But  the  distribution  here 
considered  is  a  theoretical  one,  which  does  not  correspond  to  the 
real  distribution.  Let  us  begin  by  noting  on  what  fictitious 
stuface  this  distribution  may  be  defined. 

It  is  the  general  practise  to  consider  the  surface  of  the  air  gap, 
but  that  is  not  the  point  of  view  which  the  writer  has  adopted  in 
his  different  studies.  It  has  seemed  to  him  that  the  distribution 
of  flux  which  it  was  desirable  to  determine  was  that  which  is  re- 
lated to  the  geometrical  surface  containing  the  axes  of  the  con- 
ductors subjected  to  inductive  effects.  Reference  to  Pig.  4, 
which  shows  a  two-layer  drum-winding,  shows  two  cylindrical 
surfaces,  S'  and  5",  which  contain  the  axes  of  the  conductors 


Fig.  4 


subjected  to  induction.  We  ought,  therefore,  to  consider  the 
flux  on  the  surfaces  S'  and  5".  But  the  writer  proposed  pre- 
viously (see  Lumiire  Electrique,  January,  1907,  page  6)  to  make 
an  approximation  which  consists  in  considering  only  the  midway 
surface  5,  situated  between  S'  and  5",  passing  through  points 
half-way  down  across  the  slots. 

It  will  be  noted  that  the  magnetic  flux  referred  to  comprises 
the  lines  of  force  which  other  writers  consider  as  constituting 
local  leakage  fluxes  around  the  conductors;  and  that  if  we  extend 
the  surface  S  between  the  lateral  connections  of  the  armature,  it 
comprises  also  the  external  leakage  fluxes  produced  by  the  heads 
of  the  coils.  We  may  imagine  that  the  discontinuity  caused  by 
the  teeth  and  slots  gives  rise  to  a  special  supplementary  harmonic 
field.  The  result  is  that  leakages  can  be  represented  by  har- 
monics. 

We  have  already  given  the  name  magnetic  periphery  to  the 
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fictitious  surface  S  of  the  armature.  Diagrammatically,  an 
armature  having  a  commutator  will  be  represented  by  a  circle, 
whose  circumference  will  be  the  magnetic  periphery  (see  Fig.  5). 
It  is  on  this  magnetic  periphery  that  the  positions  defined  by  the 
brushes  a,  6,  c,  d,  will  be  indicated.  The  position  of  a  radial 
line  to  any  point,  g,  on  the  periphery,  is  defined  by  the  angle 
gob  —  0,  Let/  {0)  be  the  periodic  function  which  represents 
the  distribution  per  phase  of  the  magnetic  field  normal  to  the 
surface  S. 

Simple  calculations  have  already  enabled  the  writer  to  estab- 
lish {see  Lumi^e  Electrique,  January,  1907,  page  7),  that  the 
apparent  inductance  of  the  armature  in  Fig.  1,  when  supplied 
with  two-phase  currents,  and  when  assumed  to  have  an  even 
number  of  sections,  may  be  expressed  at  the  angular  velocity 
coi,  as  follows: 


V  fiB)  d0  ^ 

I     «  -    ^1    -^2 ) 

\  f{e)dd0/ 


It  should  be  carefully  noted  that,  for  a  sinusoidal  distribution, 
f  (d)  =  a  sin  0,  the  second  term  reduces  to  unity,  whereas  for  a 
triangular  distribution/  (d)  =  a  &,  the  quotient 


r 


f(e)de 


r 


f{e)ede 


asstmies  the  value  3/7r.     In  that  case,  the  condition  of  zero  in- 
ductance is  obtained  only  at  the  velocity  coi  =  t/3co. 

It  is  proper  to  note,  however,  that  a  fractional  pitch  winding 
enables  the  velocity  at  which  the  inductance  vanishes  to  be 
brought  to  a  value  nearer  co,  and  that,  finally  and  especially, 
whatever  may  be  the  flux  distribution  on  the  magnetic  periphery, 
the  approximation  to  the  theoretical  expression  L  (co  —  coi)  will 
become  closer  in  proportion  as  the  ntmiber  of  phases  employed 
for  supplying  the  armature  in  Fig.  1  is  increased. 
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The  very  important  question  which  remains  to  be  considered 
in  connection  with  the  operation  of  the  armature  in  Fig.  1  is  that 
of  conmiutation.  We  may  here  recall  the  manner  in  which  that 
question  was  approached  in  the  writer's  study  in  1901  (see  Eclair- 
age  Electrique,  page  294).  Let  X  be  the  full  coefficient  of  self- 
induction  of  the  sections  of  armature  winding  undergoing  com- 
mutation under  the  brushes,  a,  c,  through  which  is  passing  the 
current  /sin  w/.  This  coefficient  (X),  it  should  be  noted,  in- 
cludes, in  the  case  of  windings  of  the  dnmi  type,  the  effect  due 
to  mutual  induction  between  two  sections  in  process  of  commu- 
tation under  the  brushes  a,  c.  of  opposite  polarity.  Now,  let 
T  represent  the  time  that  is  consvmied  in  the  conwnutation  of 
one  section  of  winding.  The  condition  which  is  necessary  and 
sufficient  in  order  to  obtain  periect  or  'linear**  commutation 
(which  is  gone  into  more  fully  in  the  article  referred  to),  is  that 
there  should  be  available,  in  the  winding  sections  which  are  in 

short-circuit,  a  reversal  e.  m.  f.  equal  to  -=;-  /  sin  co  /. 

Now  the  fltix  developed  along  the  rectangular  axis  b,  d  is 
proportional  to  cos  co  /.  Consequently,  the  induction  resulting 
from  its  periodic  variation  produces  an  e.m.f.  in  the  sections 
short-circtiited  by   the  brushes  a,  c,  which  is  proportional  to 

d 
—  T-i  cos  CO  /  and,  therefore,  to  sin  co  /.     This  e.m.f.  is  constant 
at 

for  a  given  current  /  cos  co  /.  There  is,  therefore,  a  certain 
velocity  coi^  for  which  there  is  produced,  exactly,  in  the  commu- 
tated   sections,    the   reversal   e.m.f.    necessary   and   sufficient, 

-=■  /  sin  w  /,  to  produce  a  perfect  or  linear  commutation. 

Below  that  velocity  the  reversal  e.m.f.  will  be  too  high  and 
commutating  conditions  will  be  produced  which  are  analogous 
to -those  existing  in  a  continuous-current  dynamo  when  the 
brushes  are  set  too  far  forwM-d  in  the  direction  of  rotation. 
Above  that  velocity,  on  the  other  hand,  the  reversal  e.m.f. 
produced  will  be  too  weak,  and  the  commutating  conditions 
produced  will  be  analogous  to  those  which  exist  in  a  continuous- 
ciurent  dynamo  when  the  brushes  are  not  set  sufficiently  far. 
forward  in  the  direction  of  rotation,  or  even  \<  hen  they  aye . 
set   in   the   opposite   direction.     It  will  be  pointed  out  Jfttjer^;; 
that  precisely  this  same  condition  of  operation  ,exists  Xnaffii^lK,] 
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insuflScient  reversal  e.m.f.)  when  the  armature  in  Fig.  1  is  oper- 
ating as  a  capacity,  and  it  will  be  interesting  to  note  that  in 
the  production  of  reactive  current  by  a  commutator  we  en- 
counter the  same  commutating  difficulties  as  the  reduction  of 
the  normal  armature  reaction  or  the  production  of  an  armature 
reaction  which  assists  the  field  excitation  in  a  continuous-current 
dynamo. 

It  was  shown  by  the  writer  (see  Bulletin  of  the  Sociiti  Inter- 
nationale  des  ElectricienSy  June,  1910,  page  392)  that  in  the 
case  of  an  armature  placed  in  a  uniform  air-gap,  inside  a  lami- 
nated stator  having  evenly  spaced  slots,  the  e.m.f.  necessary  and 
sufficient  to  produce  the  perfect  commutation  of  a  current  /  is 
X  I/T,  no  matter  what  may  be  the  distribution  of  the  flux 
produced  by  the  armature.  This  e.m.f.  is  equal  rigorously  to 
the  e.m.f.  which  may  be  imagined  to  be  induced  in  the  winding 
sections  under  short  circuit,  by  reason  of  the  rotation  of  the 


Pig.  6 

armature  in  the  flux  developed  by  the  armature  as  a  whole. 
It  should  be  well  understood  that  the  flux  under  consideration 
is  that  measured  on  the  magnetic  periphery  of  the  armature^ 
and  on  the  portion  of  the  surface  comprised  between  the  axes 
of  the  conductors  of  two  contiguotis  sections  in  the  region  where 
commutation  is  taking  place,  as  is  shown  in  Fig.  6  (see  the  cross- 
hatched  portion  of  the  figure).  There  exists,  in  fact,  a  close 
relationship,  in  a  continuous-current  armature,  between  the 
coefficient  (X)  of  the  winding  sections  under  commutation  and 
the  flux  produced  by  the  entire  armature  through  the  shaded 
surface  represented  in  Fig.  6,  that  is  to  say,  in  the  interval 
comprised  between  two  consecutive  winding  sections  in  the 
region  in  which  commutation  is  taking  place  when  unit  ciurent 
is  passing  through  the  armature.  It  is,  moreover,  by  virtue  of 
this  close  relationship  that  the  writer  has,  since  1902,  in  the 
course  of  numerous  controversies  (see,  for  example,  E.  T.  Z., 
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1906,  page  781;  Lumi4re  Electrique,  1902,  page  53;  Electrtciatiy 
L913,  pages  105  and  325;  Ehktrotechnik  und  Maschinenbau,  1913, 
page  633),  defended  the  very  simple  point  of  view  according 
to  which  the  matter  of  obtaining  perfect  commutation  in  a 
continuous-current  dynamo  depends  substantially  on  the  neu- 
tralization of  the  magnetic  field  of  the  armature,  or,  more 
properly,  on  the  production  of  a  mean  resultant  neutral  field 
in  the  region  where  commutation  is  taking  place.  It  is  under- 
stood that  the  field  is  meastired  on  the  portion  shown  shaded 
in  Fig.  6,  on  a  surface  S  which  passes  about  half-way  across 
the  armature  slots,  and  not  through  a  surface  situated  in  the 
air  gap.  The  exactness  of  this  view  seems  to  be  recognized 
more  or  less  explicitly  at  the  present  time. 

Having  shown  that  the  determination  of  -=-   /sin  co  /  in  the 

case  of  Fig.  1  amounts  to  the  evaluation  of  the  e.m.f.  induced 
in  the  short-circuited  winding  sections  by  the  rotation  of  the 
armatiu'e  in  its  own  field,  it  is  easy  to  determine,  for  a  given 
flux  distribution,  the  reversal  e.m.f.  which  is  necessary  to  obtain 
perfect  commutation  at  the  velocity  coi.  This  knowledge  of 
the  flux  distribution  enables  us  to  determine  the  reversal  e.m.f. 
which  is  available  by  reason  of  the  variation  of  the  fltix  which 
is  proportional  to  cos  w  /,  along  the  direction  perpendicular  to 
the  axis  of  the  brushes  a,  c.  We  can  then  finally  determine  the 
difference  between  these  two  e.m.f's.  and  this  is  what  interferes 
with  commutation. 

Let/  (d)  be  the  flux  distribution.  It  will  be  found  by  a  simple 
reasoning  that  in  an  armature  wound  with  a  full  pitch  winding 
the  e.m.f.  under  the  brushes  resulting  from  an  excess  or  lack  of 
reversal  e.m.f.  is  proportional  to 


I  \f(e)d0  J 


If  we  make  the  theoretical  assumption  that/  (d)  =  a  sin  &,  it 
will  be  readily  seen  that  the  quotient   ^^^^^  "*^^        reduces    to 

\f(e)de 
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unity,  and  that  perfect  commutation  is  obtained  at  synchronism 
for  the  condition  coi  =  co. 

If  we  suppose  that  f  (0)  is  of  the  form  a  0,  which  is  nearer 
the  actual  condition,  it  will  be  found  that  perfect  commutation 

TT 

is  obtained  at  the  velocity  coi  =  -j-  co  =  0.79  co.  However,  the 

conditions  are  changed  if  the  number  of  phases  employed  for 
supplying  current  to  the  armature  in  Fig.  1  is  increased.  With 
six  phases,  we  find,  for  the  velocity  of  perfect  commutation 

V"3 
coi  =  — 2"  CO  ==  0.86  CO 


and  finally,  for  twelve  phases,  we  find  coi  =  co.  By  adopting 
a  fractional  pitch  for  the  winding  of  the  armature  it  is  possible 
to  approach  more  rapidly  the  condition  coi  =  co.  It  is  important 
to  note  that  if  the  commutation  is  not  perfect  at  synchronism 
in  all  cases,  it  is  because  we  are  not  dealing,  in  general,  with 
a  uniform  revolving  field,  in  consequence  of  a  non-sinusoidal 
distribution  of  flux  on  the  magnetic  periphery  of  the  armature. 
The  simple  reasoning  which  the  writer  followed  in  a  first  ap- 
proximation (1900-1901),  and  in  which  he  asserted  that  commu- 
tation must  always  be  perfect  at  synchronism  when  there  is  a 
real  revolving  field,  is  exact,  for  the  very  reason  that  the  variation 
of  flux  in  the  short-circuited  sections  vanishes  at  synchronism. 

Everything  that  can  be  done  to  obtain  a  perfect  revolving 
field  (such  as  increasing  the  number  of  phases  and  using  frac- 
tional pitch  winding)  unquestionably  assists  in  insuring  per- 
fect commutation  at  exact  synchronism. 

When  the  revolving  field  produced  by  a  rotor  having  a  com- 
mutator is  imperfect,  the  commutation  is  disturbed  at  syn- 
chronism under  conditions  equivalent  to  those  wherein  it  would 
be  disturbed  by  an  external  imperfect  revolving  field  produced 
by  the  stator  surrounding  it. 

In  reality,  the  increase  in  the  number  of  phases  for  the  supply 
of  current  to  the  rotor  of  a  commutator  machine,  as  set  forth 
in  the  writer's  German  patent  No.  145,433  of  1901,  is  related 
rather  to  a  specific  purpose,  and  it  has  less  immediate  relation 
to  commutation.  It  may  be  interesting  to  note  the  principal 
reasons  for  this. 

In  the  first  place,  in  increasing  the  number  of  phases  for 
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supplying  current  to  the  rotor,  the  current  to  be  commutated 
per  phase  for  a  given  total  current  in  the  armature  is  materially 
diminished.  The  frictional  surface  on  the  periphery  of  the 
commutator  remains  the  same  in  the  two  cases,  but  it  is  dif- 
ferently distributed.  The  result  of  reducing  the  current  per 
phase  is  that  the  resistance  of  a  single  line  of  brushes  in  the 
case  of  a  bipolar  armature,  or  of  the  assemblage  of  lines  of 
brushes  coupled  in  parallel  in  the  case  of  a  multipolar 
armature,  increases  with  the  number  of  phases.  Now,  the 
increase  of  this  resistance,  as  is  well  known,  is  favorable  to 
good  commutation,  so  long  as  the  machine  is  not  working  at 
a  theoretical  load  corresponding  to  perfect  commutation. 

In  a  load  which  does  not  correspond  to  perfect  commutation, 
there  exists,  so  to  speak,  in  the  short-circuited  sections,  a  dis- 
txirbing  e.m.f.  ^hich  is  equal  to  the  difference  between  the 
e.m.f.  necessary  to  produce  perfect  commutation  and  that  which 


Fig.  7 

is  actually  induced;  it  is  this  parasitic  e.m.f.  which  is  the  real 
cause  of  the  excessive  heating  and  of  the  sparking  at  the  brushes. 

With  reference  to  sparking,  Mr.  F.  Carter  and  the  writer 
(see  the  Electrical  World,  March  31st,  1910,  page  804,  and 
Bulletin  de  la  Sociiti  Internationale  des  Electriciens,  April  6th, 
1910,  page  276)  have  advanced  the  opinion  that  the  effects  of 
a  given  parasitic  e.m.f.  increase,  other  things  being  equal,  with 
the  value  of  the  quotient  /  of  certain  determinants  composed 
of  the  coefficients  of  self  and  mutual  induction  of  all  the  closed 
circuits  in  the  machine.  This  quotient  /  itself  has  the  dimen- 
sions of  a  coefficient  of  self-induction,  and  in  a  continuous  current 
machine  it  is  generally  but  slightly  lower  than  the  coefficient 
of  leakage  self-induction  of  two  consecutive  winding  sections 
placed  in  contiguous  slots.  In  an  armature  supplied  with  poly- 
phase currents,  however,  the  quotient  /  may  fall  much  below 
that  value. 

In  this  connection  reference  may  be  made  to  Fig.  7,  which  is 
the  reproduction  of  a  diagram  already  published  by  the  writer 
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(see  A.  I.  E.  E.  Transactions,  1903,  page  583).  The  diagram 
represents  an  armature  with  a  drum  winding  composed  of 
twelve  sections,  supplied  by  three-phase  currents.  It  will  be 
easily  seen  that,  as  the  width  of  the  brushes  exceeds  the  width 
of  the  commutator  segments,  there  is  always,  at  any  instant, 
at  least  one  short-circuited  section  per  slot.  Armatures  having 
as  few  as  three  slots  per  pole  are  seldom  used,  but  if  we  adopt 
a  higher  number  of  phases,  preferably  an  odd  ntunber  (7  or  9, 
for  example,  as  indicated  in  the  writer's  A.  I.  E.  E.  communica- 
tion of  1903)  the  remarks  relative  to  the  conditions  shown  in 
Fig.  7  can  be  extended  to  the  case  of  an  armature  having  a 
number  of  slots  actually  used  in  current  practise.  Under  those 
conditions,  the  quotient  /  becomes  lower  than  the  coeflBcient  of 
self-induction  due  to  leakage  between  two  sections  placed  in 
the  same  slots.  The  parasitic  e.m.f .  will  then  produce  practically 
a  simple  short-circuit  current  as  if  the  armature  was  at  rest  or 
revolving  slightly.  Under  these  conditions,  we  will  have  the 
sparWess  commutation  which  I  named  **squirrel-cage  commuta- 
tion.'* 

The  three  types  of  a-c.  polyphase  commutator  machines 
which  can  be  rationally  constituted  by  taking  synchronism  as 
the  mean  working  condition,  are  analogous  to  continuous- 
current  machines,  namely,  the  shunt  machine,  the  series  machine, 
and  the  compound-wound  machine.  The  theory  of  these  ma- 
chines was  published  by  the  writer  in  1902  (see  Eclairage  Elec- 
trique,  1902,  pages  50  and  358),  and  different  authors  have 
gone  over  the  subject  since  in  a  more  detailed  manner.  When 
these  machines  are  working  above  or  below  synchronism,  then, 
from  the  point  of  view  of  commutation,  it  is  necessary  to  take 
into  consideration  the  e.m.f.  induced  by  the  resultant  field  of 
the  stator  and  rotor  in  the  short-drctiited  winding  sections,  and 
to  judge  the  commutation  accordingly.  If  a  machine  is  intended 
to  have  the  greatest  possible  range  of  speed,  then  it  is  immediately 
obvious  that  it  is  important  to  arrange  matters  in  such  way  that 
synchronism  shall  correspond  to  a  speed  of  perfect  operation  so 
far  as  commutation  is  concerned.  Allowance  can  then  be  made 
for  equal  values  of  slip  above  and  below  synchronism,  and  in 
this  way  the  allowable  variation  of  speed  becomes  greater. 
With  an  absolute  slip  of  20  per  cent,  for  example,  it  is  possible 
to  obtain  speed  variations  in  the  ratio  of  two  to  three. 

When  the  slip  is  to  be  materially  increased,  the  width  of  the 
brushes  should  be  reduced  as  much  as  possible,  in  order  that 
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the  e.m.f.  induced  between  the  opposite  edges  of  the  brush  may 
be  as  low  as  possible;  but  for  mechanical  reasons  it  is  scarcely 
practical  to  reduce  the  thickness  of  the  brushes  to  less  than 
9  to  10  mm. 

This  minimum  width  of  brushes  being  a  limitation,  it  is 
desirable  (for  the  same  e.m.f.  developed  between  the  two  edges 
of  the  brush)  to  divide  this  e.m.f.  in  some  way  by  adopting  a 
type  of  winding  which  allows  the  commutator  segments  to 
have  a  width  of  half  that  of  the  brush  (see  the  writer's  article 
in  the  Electrical  World  of  December  3rd,  1904).  As  a  rule, 
commutator  segments  of  4.5  to  5.0  nmi.  will  be  used. 

With  brushes  of  good  quality  the  e.m.f.  allowable  between 
the  segments  under  those  conditions  will  be  1.5  volts.  This 
e.m.f.  allows  high  values  of  slip  to  be  attained  without  necessi- 
tating a  commutator  of  excessive  size. 

The  writer  has  devoted  much  attention  in  the  last  ten  years 
to  a  number  of  installations  in  which  polyphase  machines  with 
commutators  have  been  used.  Figs.  8  and  9  represent  an  in- 
stallation made  about  five  years  ago  at  the  pimiping  station  of 
the  City  of  Paris.  The  machines  are  500-h.p.  motors  supplied 
with  three-phase  50-cycle  current  and  operating  at  speeds  ranging 
between  450  and  700  rev.  permin.,  the  synchronous  speed  being 
600  rev.  per  min.  The  speed  regulation  is  obtained  by  shifting 
the  brushes.  The  rotor  is  supplied  with  twelve  phases  by  means 
of  twelve  equidistant  brush-holders.  The  total  width  of  the 
commutator  is  40  cm.  The  operation  of  the  machines  is  perfect 
in  every  respect. 

In  concluding,  the  writer  believes  that  the  following  historical 
r^sum^  of  his  part  in  development  of  polyphase  commutator 
machines  may  be  of  interest. 

The  English  patent  to  Wilson  (No.  18,525,  of  1888)  describes 
a  polyphase  commutator  motor  having  the  stator  and  the  rotor 
connected  directly  in  multiple  without  any  transformer.  Ac- 
cording to  the  inventor,  a  squirrel-cage  winding  or  a  short- 
circuited  winding  might,  if  necessary,  be  placed  on  the  rotor  or 
on  the  stator  or  else  on  both  of  them  at  the  same  time  if  it 
were  desired  to  operate  the  motor  at  or  very  near  synchronous 
speed.  The  writer  took  up  this  same  mode  of  connection  later 
(French  patent  No.  306,229  of  1900)  from  a  more  modern  point 
of  view.  His  analysis  led  him  to  foresee  the  importance  of 
lowering  as  much  as  possible  the  e.m.f.  in  action  at  the  commu- 
tator by  employing  either  transformers,  a  special  tension-lower- 
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ing  device,  or  else  sectional  windings  placed  on  the  stator  as 
means  of  supplying  current  to  the  rotor.  In  a  German  patent 
of  1891  (No.  61,951  to  Georges)  a  series  polyphase  commutator 
motor  is  described.  The  writer  has  also  introduced  in  that 
arrangement  a  series  transformer  between  the  stator  and  the 
rotor.  Later,  the  writer  adopted  the  plan  of  constructing  these 
transformers  with  an  air-gap,  in  order  to  improve  the  charac- 
teristics of  the  motor;  and  the  connections  employed  are  of  the 
star-delta  type,  as  shown  in  Fig.  10  (German  Patent,  No.  237,849). 

The  star-delta  connection  enables  one  to  regulate  the  speed 
in  a  practical  way,  within  wide  limits,  by  simply  shifting  the 
brushes.  The  star  connection  is  used  for  starting  and  for  run- 
ning at  lower  speeds ;  the  delta  connection  is  used  at  higher  speeds. 

Besides  the  shunt  and  series  connections,  mentioned  in  the  two 
patents  just  referred  to,  the  writer  has  also  indicated  how  a  com- 
pound connection  cotjd  be  used  between  the  stator  and  the  rotor 
(German  patent  No.  154,509  of  1901)  and  has  favored  the  pro- 
vision of  a  rotor  with  a  greater  ntmiber  of  phases  than  are  ob- 
tainable directly  from  the  supply  mains  (German  patent  No. 
145,433  of  1901).  This  greater  number  of  phases  is  obtained  by 
means  of  a  transformer,  or  else,  in  the  case  of  a  shunt  machine, 
by  means  of  auxiliary  windings  placed  on  the  stator. 

Finally,  the  writer  has  also  proposed  the  use  of  all  these  kinds 
of  machines  as  generators,  and  has  called  attention  to  their 
advantages  in  regard  to  their  coupling  in  multiple  and  their 
compounding.  Before  the  war,  the  writer  had  begun  the  con- 
struction of  100  kv-a.  three-phase  generators,  which  were  to 
operate  as  boosters  for  mains  supplying  three-phase  currents  of 
50  cycles.  The  writer  is  confident  that  this  question  of  a-c. 
commutator  generators,  in  which,  by  the  vjay,  the  commutator  is 
relatively  very  small,  is  a  development  which  is  sure  to  command 
attention  in  the  near  future. 

II — Commutator  in  Single-Phase  Machinery 
Let  us  suppose  that  the  armature  in  Fig.  1  is  supplied  with  a 
simple  alternating  current  through  two  brushes  a,  6,  placed  180 
deg.  apart,  instead  of  being  supplied  with  two-phase  currents 
(see  Fig.  11).  The  armature-reactance  then  retains  the  same 
value  Leo,  whatever  may  be  the  angular  velocity  Wi.  But,  if 
we  place,  90  deg.  from  the  brushes  a,  6,  some  supplemental 
brushes  c,  d,  connected  together  by  a  short-circuit  connection 
(see  Fig.  12),  the  armatiu^e-reactance  then  takes,  as  a  first  ap- 
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proximation,  the  value  L  lo) ^  V      It    therefore  vanishes 

when  synchronism  is  attained  and  becomes  negative  above 
synchronism. 

Thus,  when  a  current  /  sin  co  /  is  sent  through  the  armature 
by  means  of  the  brushes  a,  6,  there  is,  in  consequence  of  the  ar- 
rangement of    the    short-circuited    brushes    c,  d,  an  e.  m.  f., 

CO  I* 

—  L /  cos  w  /  which  is  in  opposition  to  the  e.  m.  f .  of  self- 
induction  Leal  cos  w/,  and,  consequently,  balances  it  at  synchron- 
ous speed.  The  restdt  is  the  same  as  if  two-phase  currents  were 
sent  into  the  armature.     This  phenomenon  was  discovered  by 

the  writer  in  1901.    This  e.  m.  f .,  L  — -  I  is  produced  by  the  fol- 


FiG.  10 


0 

b 
Pig.  12 


lowing  instrumentality.  Let  Jkf,  as  before,  represent  the  co- 
eflScient  of  mutual  induction  between  the  sections  of  winding 
which  are  in  process  of  commutation  under  the  brushes  a,  ft,  in 

which  there  is  a  reversing  current  -^  sin  co  /,  and  the  sections  in 

circuit  between  the  brushes  c,  d.  Let  again  n  be  the  nimiber  of 
sections  of  armature  winding.  At  the  speed  coi  the  duration  T 
of  the  short  circuit  in  any  section  short-circuited  by  the  brushes 

will  be,  T  = 


0)1  n 


The  induced  e.  m.  f.  between  the  brushes 


c,  df  due  to  the  mutual  induction  between  the  sections  under- 
going commutation  under  the  brushes  a,  ft,  and  the  sections  which 
are  in  circuit  between  the  brushes  c,  d,  will  be. 


Af  7  sin  CO  / 


M 
2ir 


n  coi  /  sin  CO  / 
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This  e.  m.  f .  will  produce,  in  the  conductor  connecting  the 
brushes  c,  d,  a  short-circuit  current  which  is  —5-   out  of  phase 

with  respect  to  that  e.  m.  f .  -jr —   :p-^  /  cos  co  /.     This  current, 

Z  T     Lt  CO 

in  phase  with  cos  co  /  is,  in  turn,  commutated  under  the  brushes 
Cy  d,  and  the  mutual  induction  between  the  armature  windings 
short-circuited  by  the  brushes  c,  d,  and  the  windings  short- 
circuited  by  the  brushes  a,  6,  develops,  between  the  brushes  a,  6, 
an  e.  m.  f., 

'n     Wi        Mn         -  ,      /Mn\       1       coi*    ^ 

—    7 .    ;5 Wi  /  cos  0)  /=   I  J5 I    —7—    /  COS  CO/ 

7rLw27r  \2t/L        co 


Ml 

2  TT 


If  we  suppose  the  flux  to  be  distributed  sinusoidally  we  find  that 

^ —  =  L,  as  we  have  already  noted;  and  the  e.  m.  f.  induced 

in  consequence  of  the  rotation  of  the  armature  becomes  equal  to 

L  — ^  /  cos  0)  /.     In  reality,  the  distribution  of  fluxes  on  the 
w 

magnetic  periphery  is  not  sinusoidal. 

Let  f  (d)  express  the  periodic  function  which  represents  the 
actual  distribution  of  flux,  and  let  r  represent  the  resistance  of 
the  armature  between  the  brushes.  The  writer  has  already 
shown,  by  simple  calculations  (see  VEclairage  Electrique,  January, 
1907,  page  811)  that  the  armature-reactance  at  the  velocity  coi 
is,  in  reality  equal  to, 


joi; 

CO 


] 


On  the  assumption  that  the  flux  has  a  triangular  distribution, 
f  (0)  =  a  {d)t  it  will  be  found  that  the  quotient 


r 


f(e)de 


f 


r/2 

f  (0)  0d0 
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is  equal  to and  that  the  armature-reactance  may  be  ex- 
pressed as  follows: 

The  armature-reactance  vanishes,   under  those   conditions, 

IT    a/  r* 

when  the  velocity  attains  the  value  coi  =  — ^  V  1  +  "TTTt  • 

Generally,  j —  is  very  small,  and  it  might  be  said  that  the 

IT 

reactance  vanishes  when  Wi  =  — ^  co,  exactly  as  in  the  case 

when  the  machine  is  supplied  by  two-phase  currents. 

Let  us  consider  now  the  important  question  of  commutation. 
The  reversal  e.  m.  f .  necessary  for  commutating  the  current 
/sin  0)  /  under  the  brushes  a,  &,  in  Fig.  12,  is  induced  by  variation 
of  the  flux  in  phase  with  cos  co  /  which  exists  along,  c,  d. 

If  we  imagine  the  distribution  of  flux  to  be  represented  by  the 
function/  (d)  it  will  be  seen,  from  what  precedes,  that  the  com- 
mutation under  the  brushes  a,  &,  requires,  in  the  case  of  an  arma- 
ture of  even  (full)  winding  pitch,  a  reversal  e.  m.  f.  which  is 
proportional  to/ (d) J-, /2  coi. 

On  the  other  hand,  it  is  easily  shown,  after  calculating  the 
current  in  the  short  circuit,  c,  d,  that  the  e.  m.  f.  induced  by  the 
variation  of  flux  along  c,  d,  in  the  section  short-circuited  by  the 
brushes  a,  6,  is  proportional  to 


(\    f{B)de\ 

2— 


r/a 


«i 


The  ratio  of  the  two  e.  m.  f .  considered,  is  therefore  equal  to 

(  I    f(e)d6j 

f{6)6d6 

Googh 
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Assuming  a  sinusoidal  flux-distribution  (/  (d)  =  a  sin  d),  it  is 
actually  found  that  this  ratio  is  equal  to  unity,  so  that  the  e.  m.  f. 
necessary  to  insure  perfect  commutation  under  the  brushes 
a,  &,  is  always  equal  to  the  e.  m.  f.  actually  induced  by  the  field 
variation  along  c,  d.  But,  if  we  assume  that  the  flux-distribution 
is  triangular  f  (0)  =  ad,  it  will  be  found  that  the  ratio,  above 
mentioned,  becomes  equal  to  J  simply. 

Under  those  conditions  the  e.  m.  f.  actually  induced  in  the 
armature  sections  which  are  short-circuited  by  the  brushes  a,  6, 
is  not  sufficient  to  insure  perfect  commutation  of  the  current 
/  sin  o)  /,  and  25  per  cent  of  the  voltime  of  that  current  will  have 
to  be  commutated  by  brush-resistance. 

Let  us  consider  the  conmiutation  obtained  under  the  brushes 
c,  d.  The  e.  m.  f.  necessary  to  obtain  perfect  commutation  is 
proportional  to  the  current  passing  through  the  short-circuit 
connection  between  the  brushes  c,  d,  and  proportional  to  the 
velocity  a>i. 

As  the  current  in  the  short-circuit  connection  between  the 
brushes  c,  d,  is  already  proportional  to  the  velocity  a>i,  the 
e.m.f.  necessary  is  proportional  to  coi*;  and,  taking  into  account 
the  flux  distribution,  it  will  be  found  to  be  proportional  to 


Jr/2 
/( 


/W.../2    f{e)d0 


Wi' 


J 


r/2  ^ 

f(0)0d0 


On  the  other  hand  the  e.m.f.  induced  by  the  variation  of  flux 
along  a,  b  is  proportional  to 

r/2 

/  (0)  d0,  0) 


J- 


0 

Consequently  the  e.m.f.  causing  disturbance  in  the  armature- 
sections  which  are  short-circtiited  under  the  brushes  c,  d,  which 
is  the  result  of  either  excess  or  insufficiency  of  the  e.m.f.  of 
reversal,  will  be  proportional  to 


I  ""    rf\e)0d0  J 
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Assuming  a  sinusoidal  flux  distribution  f  (6)  =  a  sin  (?,  per- 
fect commutation  will  actually  take  place  when,  coi  =  w. 

In  the  case  of  triangular  fltix  distribution  /(<?)=  a  0,  we 
have 

/(g).-./2       ^i2 

Jr/2  ^t 

/  (d)  «  (/  d 
0 

and  perfect  commutation  will  be  obtained  when  coi  =     /r^     a>. 

In  the  case  of  an  armature  wound  with  fractional  pitch 
winding  in  which  each  section  corresponds  to  an  arc  equal  to 
IT  —  a  instead  of  a  half  circumference,  ir,  if  we  assume  that  a 
winding  of  this  character  produces  a  trapezoidal  flux-distribu- 
tion, the  results  obtained  are  as  will  be  described. 

With  regard  to  the  commutation  obtained  imder  the  brushes 
a,  b,  the  expression  of  the  ratio  of  the  e.m.f.  actually  induced 
to  the  e.m.f.  necessary  to  obtain  perfect  conmiutation,  will  now 
be  as  follows: 


Ki-°)'(i^°)' 

(ir-.a)»(^  +  2a) 


IT 

A  numerical  application,  such  as  for  instance,  when  a  = , 

3 
gives  0.92  for  the  value  of  this  ratio,  which  is  quite  near  unity, 
and,  consequently,  there  is  a  perceptible  improvement  as  com- 
pared with  full  pitch  winding,  which  gives  0.75  for  that  ratio. 
With  regard  to  the  commutation  obtained  under  brushes  c,  d^ 
the  disturbing  e.m.f.  in  the  sections  which  are  short-circuited 
by  the  brushes  c,  d,  and  which  results  from  either  excess  or 
insufficiency  of  the  e.m.f.  of  reversal,  becomes  proportional  to 


1(0 


12 


(7r-a)(ir  +  2a); 


A    numerical   application,    such    as   that   corresponding    to 

TT 

a  =  -^  leads  to  the  conclusion  that  perfect  commutation  will 
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be  obtained  for  a  velocity  a>i  = 


o),  which  is  very  near 


VlO.8 
that  of  synchronism. 

In  addition  to  the  tise  of  armatures  with  fractional  pitch 
windings,  (recommended  by  the  writer  in  1905;  See  Eclairage 
EUctrique,  page  125)  the  writer  had  proposed,  in  January  1903, 
the  arrangements  shown  in  Figs.  13,  14  and  15,  which  have  a 
certain  analogy  with  the  phase-multiplications  previously  pro- 
posed by  the  writer  for  supplying  current  to  the  rotor  in  the 
case  of  polyphase  machines. 

It  will  be  seen  at  once  that,  in  consequence  of  the  circulation 
of  a  current  which  is  90  deg.  out  of  phase  in  the  short-circuit 
connections  between  the  brushes,  a  rotating  field  will  be  available 
at  synchronism;  and,  by  analogy  with  what  has  previously 
been  said  in  regard  to  armatures  provided  with  commutators 
and  supplied  by  polyphase  currents,  it  may  be  said  that  the 


Fig.  15 


problem  of  securing  perfect  commutation  at  synchronism  comes 
back  to  the  realization  of  a  perfect  rotating  field.  This  result 
is  attained  by  utilizing,  conjointly,  the  arrangements  shown  in 
Figs.  13  or  15  and  a  suitable  fractional  pitch  winding. 

From  a  clear  understanding  of  the  operation  of  the  armature 
shown  in  Fig.  12,  it  will  readily  be  seen  how  single-phase  com- 
mutator machines  similar  to  polyphase  commutator  machines, 
may  be  made  with  all  kinds  of  windings  and  connections,  shunt, 
series  or  compound,  having  a  power  factor  equal  to  unity. 
Figs.  16  and  17,  show  respectively  the  shunt  and  series  arrange- 
ments. 

-The  machines  which  have  been  put  on  the  market  are  the 
shunt  and  series  motors,  such  as  for  example,  those  described 
iaU.  S.  Patent  No.  1016021.  The  writer  has  devoted  attention 
tOithe  construction  of  a  large  number. of  these  motors  which 
have,  however,  beea  used  more  for  continuous  operation  on 
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ordinary  power  circuits  than  for  electric  traction  by  single- 
phase  current. 

Fig.  18  is  taken  from  a  photograph  of  a  type  of  motor  of  200 
h.p.,  600  rev.  per  min.,  60  cycles  designed  for  continuous  service, 
of  which  a  considerable  number  have  been  constructed  in  the 
last  10  years.  The  nxunber  of  sets  of  brushes  and  their  con- 
nections correspond  to  the  arrangements  shown  in  Fig.  15- 
The  speed-regulation,  between  400  and  750  rev.  per  min.,  is 
obtained  simply  by  shifting  the  brushes  in  accordance  with  the 
method  of  regulation  described  by  the  writer  in  1903. 

In  motors  which  are  intended  to  be  regulated  by  shifting  the 
brushes,  it  is  important  to  take  into  account  the  action  of  the 
field  produced  by  the  stator,  considered  by  itself,  on  the  commu- 
tation of  the  rotor.  In  reality,  in  order  that  this  action  may 
not  produce  any  special  disturbance  when  a  given  shift  is  made 
in  the  brushes,  it  is  necessary  and  sufficient  that  the  field  pro- 
duced by  the  stator,  considered  by  itself,  should  correspond  to 


if^ 


J 


^ 


Fig.  16  Pig.  17 

a  sinusoidal  distribution  on  the  magnetic  periphery  of  the  rotor. 
This  result  will  be  obtained,  with  a  close  degree  of  approxima- 
tion, by  winding  the  stator  partially  on  an  arc  equal  to  about 

27r 

— ;r-  per  pole,  and  it  will  be  obtained  more  perfectly  in  motors 
o 

of  large  power  by  the  plan,  already  mentioned,  of  arranging 
for  a  sinusoidal  variation  in  the  number  of  conductors  placed 
in  the  slots  of  the  stator,  which  are  supposed  to  be  evenly 
spaced. 

The  term  *' compensated  repulsion-motor''  was  applied,  by  the 
writer,  to  the  motor  shown  in  Fig.  17  many  years  ago,  because 
he  appreciated,  at  that  early  date,  the  close  relationship  which 
is  recognized  generally  today,  between  that  motor  and  the  re- 
pulsion-motor. It  is  proper,  however,  to  consider  the  repulsion- 
motor,  not  in  the  primitive  form  given  to  it  originally  by  Elihu 
Thomson,  but  in  the  form  which  it  assumes  when  the  stator 
of  an  induction  motor  is  adopted  in  its  construction. 
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The  writer  published  his  first  theory  of  this  form  of  repulsion- 
motor  (see  E.  r.  Z.,  June  11,  1903)  before  entering  upon  a 
detailed  consideration  of  the  compensated  repulsion-motor.  The 
great  peculiarity  of  the  repulsion-motor  when  constructed  with 
the  stator  of  an  induction  motor,  is  that  a  rotating  field  is 
produced  in  that  type  of  motor  at  synchronism,  and  that,  at 
that  speed,  the  existence  of  that  rotating  field  insures  perfect 
commutation.  Before  the  publication,  by  the  writer,  of  the 
fundamental  theory,  the  only  theory  known  was  that  of  Stein- 
metz,  which  related  to  the  repulsion-motor  constructed  with 
pole-pieces,  and  which  consequently  did  not  foresee  the  forma- 
tion of  a  rotating  field  and  its  consequences. 

Of  course,  in  order  to  obtain  a  perfect  rotating  field,  it  is 
necessary  to  resort  to  the  precautions  which  haye  just  been 
mentioned  and  discussed  with  respect  to  the  compensated  repul- 
sion- motor,  namely,  the  rotor  must  have  fractional  pitch  wind- 
ing and  multiple  short  circuits;  and  the  stator  must  have  a 
sinusoidal  distribution  of  conductors. 

With  regard  to  the  motors  having  a  high  power-factor,  shown 
diagrammatically  in  Fig.  16,  it  is  the  shunt  type  of  motor  which 
has  found  most  numerous  commercial  applications.  The  supply 
of  current  to  the  rotor  is  effected,  as  already  indicated  in  the 
case  of  polyphase  motors,  either  by  a  transformer  or  by  an 
auxiliary  winding  placed  on  the  stator. 

The  detailed  theory  of  this  motor,  published  ten  years  ago  by 
the  writer,  (see  Eclairage  Electrique,  January  1907,  page  8) 
showed  the  great  importance  of  flux  distribution  in  that  motor 
from  the  point  of  view  of  the  torque  produced,  and  also  showed 
that  great  overload  capacity  may  be  given  to  this  motor. 

It  is  interesting  to  note  that  this  motor  can  be  constructed 
for  very  large  powers  with  a  conmiutator  of  very  small  dimen- 
sions when  a  heavy  torque  is  not  necessary  in  starting.  If 
proper  care  has  been  taken  in  the  design  of  the  winding  and  in 
the  distribution  of  the  brushes  on  the  commutator,  this  motor 
can  operate  ^t  full  load  with  extraordinary  commutation.  The 
drawback  of  a  conmiutator  is  therefore,  not  as  serious  as  might 
be  supposed.  On  the  other  hand  this  motor  has  in  its  favor 
the  following  advantages: 

1.  It  can  supply  a  reactive  cturent  to  the  electrical  mains, 

2.  Its  overload  capacity  is  much  higher  than  that  of  the  in- 
duction motor. 

These  advantages  are  sufficiently  real,  in  the  opinion  of  the 
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writer,  to  warrant  his  considering  quite  practicable  an  electri- 
cal traction  system  based  upon  the  use  of  single-phase  current 
of  50  or  60  cycles  involving  the  conversion,  on  the  locomotive 
itself,  of  the  single-phase  current  into  a  continous  current  by  a 
motor-generator  set  comprising  a  commutating  shunt  motor. 
-By  employing  high  speeds,  these  motor-generator  sets  can  be 
made  quite  light. 

The  fact  that  regulating  resistances  and  all  accessory  appa- 
ratus are  eliminated,  and  also  the  possibility  of  recovering  energy 
at  all  speeds  without  any  special  complication,  render  this 
system  more  attractive  than  it  might  seem  to  be  at  first  glance. 
The  writer  expects  to  return  to  this  subject  later  with  com- 
parative figures. 

With  regard  to  electric  traction  by  the  direct  use  of  single- 
phase  alternating  current,  although  that  system  does  not  appear 


Pig.  19  Pig.  20 

to  remain  in  high  favor  in  the  United  States  in  recent  years,  it 
may  be  worth  while  to  refer  to  the  two  types  of  single-phase 
motors  to  which  the  writer  has  given  attention. 

The  electrical  world  is  quite  familiar  today  with  the  motor 
having  a  local  commutating  field  (see  Fig.  19)  which  has,  outside 
of  the  compensating  winding  c,  a  local  winding  e,  shunted  by  a 
resistance  r  in  such  a  way  that  this  local  winding  produces  a 
field  that  is  out  of  phase  above  the  sections  which  are  imder- 
going  commutation.  With  a  frequency  of  15  or^l6  fcycles,  the 
loss  of  power  in  the  resistance  r  can  then  be  rendered  negligible. 
This  motor  is  then,  undoubtedly,  as  the  writer  has  shown  (see  E. 
T.  Z.,  Nov.,  1912,  page  1231)  the  best  variable  speed  motor  so 
far  as  commutation  is  concerned.  That  motor  has  been  con- 
structed especially  in  Switzerland  by  the  Maschinenfabrik  Oerli- 
kon,  but  motors  of  similar  type  have  been  constructed  in  France 
by  M.  Ferret,  in  co-operation  with  the  writer. 
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At  a  frequency  of  26  cycles  the  introduction  of  the  resistance  r 
would  occasion  too  high  a  loss  of  energy,  and  the  writer  then 
gives  preference  to  a  motor  which  is  designated  by  him  the 
"elliptical  field  series  motor,"  which  is  represented  diagranmiatic- 
ally  in  Pig.  20  <see  also  U.  S.  Patent  841257  and  E.  T,  Z.,  1906, 
volume  27,  page  89).  As  the  diagram  indicates,  the  arrange- 
ment of  connections  of  that  motor  implies  the  presence  of  a 
transformer  T  for  supplying  current  to  the  motor.  The  de- 
phased  commutating  field  is  produced  by  the  compensating 
winding  itself.  The  resemblance  of  this  motor  with  the  motor 
constructed  by  Mr.  Alexanderson  in  America,  will  be  readily 
noted. 

Subsequently  to  the  introduction  of  this  type  of  motor  by  the 
writer  in  German  technical  publications,  under  the  name  of 
"Series-motor  with  Elliptical  Pield"  (see  article  by  the  writer  in 
E,  T,  Z.  1906,  volume  27  page  89)  German  authors  gave  it  the 
name  of  "doppel  gepeist"  ("double  fed"),  which  seems  to  have 


Fig.  23 

become  more  or  less  current  to-day  in  America.  Nevertheless, 
it  seems  preferable  to  the  writer  to  retain  in  the  designation  of  the 
motor,  the  peculiarity  which  gives  it  good  commutation  insomuch 
as  good  commutation  is  the  matter  of  utmost  importance  in 
commutating  motors. .  It  seems  proper  to  the  writer  also  that 
this  designation  should  suggest  a  trace  of  the  difficulty  which 
inspired  the  very  conception  of  the  motor  itself. 

Pigs.  21  and  22  are  reproduced  from  photographs  of  a  75-h.p. 
motor  for  an  electric  railway  of  narrow  gauge  (1  meter)  con- 
structed in  accordance  with  the  writer's  inventions,  and  of  which 
a  considerable  number  have  been  in  operation  for  several  years. 
These  motors  have  eight  poles  and  run  at  750  rev.  per  min. 
with  320  volts.  The  width  of  the  commutatoris  240  mm. 
The  writer  has  also  constructed,  for  25-cycle  electric  traction 
lines,  some  compensated  repulsion  motors  with  a  reactance  coil  / 
in  parallel  with  the  exciting  brushes  (see  Pig.  23),  this  arrange- 
ment being  one  proposed  by  the  writer  in  1903. 
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The  reactance  coil  is  useful  at  the  time  of  starting  because  it 
allows  a  greater  excess  of  current  in  the  induced  circuit  (stator) 
without  requiring  an  excessive  strength  of  inducing  field  (rotor), 
which  latter  is  shunted  at  low  speed.  The  result  is  that,  atUo- 
maticallyy  as  foreseen  by  the  writer,  there  is,»  at  the  time  of 
starting,  a  low  flux  with  a  heavy  current,  so  that  the  commutator 
suffers  less.  Moreover,  the  reactance  coil  limits  the  hyper- 
synchronous  speed  of  the  motor,  which  is  always  to  be  feared  from 
the  point  of  view  of  commutation.  The  limiting  hyper-synchron- 
ous speed  is  exactly  that  for  which  the  reactance  of  the  coil  /  comes 
into  resonance  with  the  capacitance  of  the  rotor.  The  adjust- 
ments are  made  in  such  a  way  that  this  hyper-synchronous  speed 
cannot  exceed  a  rise  of  50  per  cent  above  synchronism.  Motors 
of  this  type,  which  have  been  in^  practical  operation  about  10 
years  under  particularly  severe  conditions,  have  given  entire 
satisfaction. 

It  is  well  known  that  the  drawback  of  a  single-phase  traction 
motor  designed  for  25  cycles,  is  the  necessity  of  a  very  large  com- 
mutator, owing  to  the  high  starting  torque  required.  The  voltune 
of  the  commutator  is  indeed  directly  proportional  to  the  frequency 
of  current  used,  and  to  the  starting  torque  required  (see  the 
writer's  article  in  the  Electrical  World,  Dec.  3,  1904).  The  com- 
mutation may,  however,  be  very  good  at  normal  load,  and  it  is 
the  belief  of  the  writer  that  opinions  have  been  much  too  pes- 
simistic on  that  point.  At  the  same  time,  it  is  not  our  intention 
at  this  time  to  defend  single-phase  traction,  which  was  only 
an  incidental  object  of  this  paper. 


Digitized  by 


Googh 


1918]  DISCUSSION  AT  NEW  YORK  381 

Discussion  on  **Thb  Polyphase  Shunt  Motor  (Altbs), 
"The  Secomor — ^A  Kinematic  Device  Which  Imitates 
THE  Performance  op  a  Series  Wound  Polyphase  Com- 
mutator Motor"  (Karapetopp)  and  "Commutation  in 
Alternating-Current  Machinery"  (Latour).  New 
York  February  16,  1918. 

A.  M.  Gray:  It  might  be  worth  while  to  spend  a  few  minutes 
in  showing  how  Prof.  Karapetoff 's  diagram  is  derived. 

The  a-c.  series  commutator  motor  consists  essentially  of 
an  induction  motor  stator  and  a  d-c.  armature  supplied,  in 
the  case  of  an  n-phase  machine  with  n  sets  of  brushes  per 
pair  of  poles.  These  brushes  make  the  armature  equivalent  to 
a  stationary  n-phase  armature,  because  in  any  one  phase,  as 
one  coil  leaves  the  coil  group  another  moves  in  to  take  its  place. 
Since  the  stator  and  rotor  are  connected  in  series,  two  revolving 
fields  are  produced,  which  rotate  at  synchronous  speed  no 
matter  what  the  actual  speed  of  the  rotor  may  be.  The  con- 
nections are  such  that  these  fields  rotate  in  the  same  direction 
and  a  torque  is  produced  whose  value  depends  on  the  strengths 
of  the  fields  and  on  the  distance  between  them.  If  the  brushes 
are  moved  backwards  against  the  direction  of  motion  of  the 
fields  the  torque  will  tend  to  make  the  armatiu-e  rotate  in  the 
same  direction  as  the  fields. 

In  discussing  the  vector  diagram  of  such  machines  the  teacher 
is  liable  to  get  space  and  time  diagrams  mixed  up  together. 
This  I  believe  can  be  avoided  as  follows:  In  Pig.  1. 

/  is  the  current  in  phase  one  of  both  stator  and  rotor. 

4>,  is  the  flux  that  would  thread  phase  one  of  the  stator  if  the 

stator  m.m.f .  were  acting  alone. 
0r  is  the  flux  that  wotdd  thread  phase  one  of  the  stator  if 
the  rotor  m.  m.  f .  were  acting  alone.     The  rotor  revolving 
field  lags  that    of    the    stator   by    (180—  a)  electricad 
degrees. 
4>  is  the  actual  flux  threading  phase  one  of  the  stator. 
Eth  is  the  e.m.f.  generated  in  phase  one  of  the  stator  by  the 

resultant  flux. 
Eh  is  the  e.m.f.  generated  in  phase  one  of  the  rotor  by  the 

resultant  flux.     This  e.m.f.  is  proportional  to  the  slip. 
£,  is  the  component  of  applied  voltage  to  overcome  E^t- 
Er  is  the  component  of  applied  voltage  to  overcome   Eh. 
Ea  is  the  applied  voltage  neglecting  resistance  and  reactance 
drop. 
At  standstill  the  resultant  voltage  is  90  deg.  out  of  phase  with 
the  current,  since  the  output  is  zero.     At  half  speed  the  rotor 
voltage  for  the  same  current  will  have  only  half  the  standstill 
value  and  the  applied  voltage  will  then  be  as  represented  by  the 
dotted  line.     The  locus  of  the  applied  voltage  is  the  line  a  b  for 
the  case  of  constant-current  operation,  and  this  voltage  diagram 
can  readily  be  changed  into  a  current  circle  diagram  by  inversion. 
Such  a  circle  diagram,  however,  is  not  very  accurate  because  it 
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does  not  take  account  of  saturation  and  change  in  the  rotor 
reactance.  Because  of  this  difficulty  Prof.  Karapetoff  has  sug- 
gested that  the  **Secomor",  which  is  nothing  more  or  less  than 
an  adjustable  voltage  diagram,  be  used.  Further  discussion  of 
this  diagram  would  be  out  of  place  because  the  various  possi- 


Fig.  1 

bilities  have  already  been  pointed  out  in  Prof.  Karapetoff's 
paper. 

Paul  M.  Lincoln:  Mr.  Latour  proposes  for  trunk-line  elec- 
trification to  use  a  single-phase  motor  upon  the  locomotive 
driving  a  direct-current  generator,  which  in  turn  will  drive  the 
locomotive.  It  seems  to  me  if  that  is  a  proposition  which 
comes  from  so  distinguished  a  man  as  Mr.  Latour,  it  is  one  which 
deserves  a  considerable  amount  of  attention  from  those  who  are 
studying  this  question  of  the  electrification  of  railroads. 
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Charles  F.  Scott:  I  was  struck  with  one  of  Prof.  Karapetoff's 
first  sentences  in  which  he  says:  **A  combination  of  movable 
and  adjustable  bars  which  can  be  set  to  represent  a  vector  dia- 
gram." What  is  a  vector  diagram?  I  would  say  that  a  vector 
diagram  is  itself  a  representation  of  certain  physical  things,  and 
those  physical  things  are  the  coils  on  an  armature.  If  you  take 
the  simplest  form  of  an  alternator,  one  having  two  poles  and  a 
simple  diametral  coil  on  a  rotating  armature,  and  look  at  the 
end  of  the  machine,  you  see  a  straight  line  which  is  the  end  of  a 
coil  which  produces  a  complete  cycle  during  a  revolution.  The 
angular  position  of  the  coil  at  a  given  time  determines  its 
relation  to  the  field  poles,  and  therefore  represents  the  phase 
which  the  coil  is  producing.  A  second  coil,  placed  at  right 
angles  gives  an  electromotive  force  90  deg.  from  the  first.  Two 
lines  at  right  angles,  representing  the  physical  angle  between 
these  coils,  can  be  used  in  a  diagram  as  a  picture  of  the  coils  and 
are  called  vectors. 

Go  a  step  ftuther,  and  make  the  length  of  a  line  correspond  to 
the  number  of  turns,  and  it  follows  that  a  straight  line  of  proper 
length  and  direction  (a  vector)  is  simply  a  physical  picture  of  a 
coil  with  a  certain  number  of  turns.  If  two  coils  are  connected 
in  series  physically,  we  simply  on  the  diagram  join  the  lines  in 
series  with  their  proper  angular  relations  and  get  the  resultant. 
The  vector  diagram  is  a  simple  representation  of  the  physical 
structure,  as  to  angular  position,  ntimber  of  turns  and  order  of 
connection  of  the  coils.  Prof.  KarapetoflE  has  reversed  the  order, 
and  starting  from  the  vector  diagram  obtains  a  physical  rep- 
resentation by  an  admirable  structure  using  adjustable  bars. 

It  has  been  suggested  that  I  take  part  in  the  discussion  of  the 
single-phase  motor  as  a  factor  in  the  railway  situation  and  it 
has  been  pointed  out  now  that  the  single-phase  motor  has  not 
preempted  the  whole  field  of  railway  work,  as  some  thought  it 
might  a  ntunber  of  years  ago. 

It  is  easy  to  look  back  and  comment  from  the  present  stand- 
point. What  was  the  standpoint  in  1902,  some  fifteen  years  ago 
when  the  single-phase  motor  for  railway  work  was  first  presented  ? 
That  subject,  by  the  way,  was  presented  at  a  meeting  of  the 
Institute  in  the  fall  of  that  year.  The  previous  session  of  the 
Institute  had  been  a  convention  at  Great  Barrington,  at  which 
railway  motors  were  considered.  There  were  several  railway 
papers  and  many  pages  of  discussion.  The  discussion  looked 
forward  to  the  future  of  railway  work,  and  the  great  cry  was  for 
a  higher  transmission  voltage,  and  the  great  lament  was  that  there 
was  no  way  known  to  use  such  a  voltage.  Four  or  five  different 
schemes  were  presented  and  discussed,  but  they  were  discussed 
merely  as  schemes,  and  nothing  seemed  practicable. 

Then  the  single-phase  system  was  presented,  it  was  adopted 
and  used  on  a  number  of  roads,  as  the  one  thing  which  was  com- 
mercially practicable  under  a  good  many  of  the  situations 
where  600- volt  direct-current  apparatus  was  inapplicable. 
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But  great  developments  have  occurred  since  that  time,  which 
was  fifteen  years  ago,  and  that  is  in  railway  history  a  very  long 
time.  If  you  go  back  another  fifteen  years,  that  is,  go  back 
from  1902  to  1887,  you  will  find  the  electric  motor  was  beginning 
to  prove  itself  a  success.  I  refer  to  the  Richmond  road.  This 
whole  development  has  taken  place  within  thirty  years.  And 
then  came  the  single-phase  system  fifteen  years  ago,  when  the 
operation  of  railways  at  high  voltage  was  begun,  and  in  that 
time  have  come  other  developments,  the  combination  of  the 
single-phase  transmission  and  polyphase  motors,  and  the  direct 
-current  motor  has  gone  up  to  voltages  which  fifteen  years  ago 
were  presumed  to  be  impossible. 

Consequently,  in  the  light  of  development,  the  single-phase 
motor  had  its  place,  and  is  still  occupying  a  place.  The  single- 
phase  system  is  doing  some  of  the  heaviest  work,  and  while  it 
would  be  desirable  to  have  one  universal  system  in  use  every- 
where, who  knows  what  that  system  should  be?  If  it  had  been 
adopted  fifteen  years  ago,  it  would  have  been  one  thing;  if  it 
were  to  be  chosen  today,  it  might  be  the  same  thing  or  something 
else  and  possibly  in  five  or  fifteen  years  from  now  there  may  be 
other  things  which  would  make  the  effect  of  any  final  decision 
at  this  time  a  mistake. 

W.  C.  Korthals  Altes:  I  think  Mr.  Latour  is  pointing  in 
absolutely  the  right  direction  so  far  as  polyphase  series  motors 
are  concerned.  He  has  distinguished  himself  by  opposing  the 
multiplication  of  phases,  and  also  he  has  brought  out  the  point 
about  the  squirrel-cage  commutation. 

We  have  tried  such  motors,  having  squirrel-cage  commutators, 
and  we  can  say  they  operate  very  satisfactorily.  I  could  show 
a  d-c.  motor  and  an  a-c.  motor  and  a  three-phase  a-c.  motor,  and 
put  these  motors  through  their  stunts.  You  would  see  that  the 
d-c.  motor  will  flash  and  the  a-c.  motor  will  not  show  any  spark- 
ing, so  that  the  experiments  made  some  years  ago  would  not 
agree  with  the  results  which  are  obtained.  Different  conclu- 
sions have  been  reached.  There  is  nothing  remarkable  about 
that,  because  we  know  the  a-c.  motor  being  completely  compen- 
sated, and  the  current  at  all  times  passing  through  zero,  is  in  a 
better  condition  for  commutation.  The  unforttmate  thing  is 
we  started  out  with  single-phase  motors  and  not  three-phase 
motors.  The  three-phase  motor  is  very  superior  to  the  single- 
phase  motor,  because  we  have  there,  as  Mr.  Latour  has  pointed 
out  in  a  very  interesting  manner,  the  real  sine  distribution  of 
the  flux,  and  in  all  the  work  we  have  done  we  have  always  tried 
for  that  because  with  those  conditions  we  get  satisfactory  com- 
mutation. 

Another  motor,  which  Mr.  Latour  has  referred  to,  is  what  he 
calls  the  squirrel-cage  commutation  motor.  I  must  take  excep- 
tion to  some  features  of  Mr.  Latour 's  paper  with  respect  to  that. 
In  Pig.  7  the  author  represents  a  two-pole  three-phase  commuta- 
tor motor  having  six  slots  and  an  ordinary  drum-wound  arma- 
ture. 
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Now,  if  there  is  a  bfush  which  short-circuits  two  commutator 
bars,  there  will  be  a  short-circuited  coil  in  two  slots.  If  there 
are  twelve  commutator  bars,  a  brush  spamiing  two  commutator 
bars,  no  matter  in  what  position  the  armature  is,  there  will  at 
all  times  be  at  least  a  slot  and  coil  which  are  short-circuited. 
You  know  if  yOu  take  a  direct-current  motor  with  another 
winding  in  the  links  of  the  field  winding,  and  you  suddenly 
break  the  field,  you  will  not  have  a  series  circuit,  because  the 
stored  energy  of  the  magnetic  field  wotild  be  equal  in  the  circuit, 
which  is  formed. 

On  a  single-phase  machine,  when  the  coil  passes  imder  the 
brush,  we  have  to  reverse  the  current.  If  we  have  a  three-phase 
armature,  we  have  to  pass  that  current  through  120  deg.  You 
see  immediately  the  inductive  circuit  by  shifting  through 
120  deg.  is  much  reduced  on  the  6-phase;  on  the  9-phase  it  is 
reduced  to  40  deg.  By  shifting  the  current  through  a  smaller 
number  of  degrees  we  get  a  more  satisfactory  operation,  and 
that  is  the  important  thing  Mr.  Latour  brought  out.  We  get 
ideal  current  commutation. 

We  have  only  built  a  few  motors  so  far,  and  I  can  mention  as 
an  example,  a  60-cycle,  12-pole,  250-h.  p.  motor,  and  it  cannot 
be  made  to  spark.  That  is  the  very  important  work  which  Mr. 
Latour  has  done  on  three-phase  motors. 

As  far  as  the  single-phase  motor  is  concerned,  he  has  also 
distinguished  himself  by  his  so-called  Latour  jjonnections.  We 
have  built  quite  a  few  motors  with  Latour  connections,  or  some- 
» thing  very  similar.  The  two-circuit  repulsion  motor  is  not 
entirely  new,  but  Mr.  Latour  has  combined  this  with  rotor 
excitation.  The  single-phase  motor,  built  with  many  rheostats, 
as  proposed  by  Mr.  Latour,  having,  moreover,  a  series  trans- 
former to  limit  the  possible  voltage  which  can  appear  at  the 
brushes,  is  an  ideal  motor  from  a  commutation  standpoint.  But 
what  Mr.  Latour  has  said,  in  regard  to  the  possibility  of  building 
large  single-phase  motors  of  high  frequency,  is  absolutely  true, 
although  it  would  be  practicable  to  build  them  three  phase,  and 
in  that  case  they  wotdd  be  less  sensitive.  That  it  is  absolutely 
impossible  to  build  large  single-phase  motors  of  the  commercial 
type  of  repulsion  motors  built  in  this  country  is  not  true.  We 
have  no  demand  for  large  single-phase  motors  and  so  have 
built  none,  but  we  could  at  any  time  build  the  largest.  There 
is  no  question  that  motors  can  be  built  which  operate  satisfac- 
torily but  whether  the  motor  works  well  in  connection  with  the 
railway  telephones  and  transmission  and  distribution  systems, 
sub-stations,  etc.,  is  entirely  a  railway  problem. 

Referring  to  the  characteristics  of  the  series  motor  Prof. 
Karapetoff  has  succeeded  in  taking  into  account  the  saturation 
of  the  motor  itself,  which  is  most  important,  but  of  equal  if  not 
greater  importance,  is  the  saturation  characteristic  of  the  trans- 
former. 

If  we  should  build  a  motor  in  which  we  had  no  increase  of 
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magnetizing  current  in  the  transformer,  we  wotild  have  an 
absolutely  imstable  motor.  The  motor  has  a  characteristic 
which  is  very  undesirable  and  the  only  way  of  improving  that 
characteristic  is  to  have  a  transformer  which  saturates  and  gives 
increased  stability.  I  have  attempted  to  accomplish  this  but 
have  never  succeeded  because  I  did  not  know  how  to  saturate  a 
transformer  and  obtain  that  characteristic.  If  Prof.  Karapetoff 
can  show  us  the  way  he  will  do  a  great  thing  for  the  technical 
engineer. 

H.  M.  Hobart:  Some  fifteen  years  ago  the  designers  of 
electric  motors  were  filled  with  enthusiasm  to  do  their  best  to 
improve  the  single-phase  motor.  They  entertained  probably 
too  optimistic  an  opinion  of  the  possibilities  of  single-phase 
motors  when  applied  to  railway  work.  Wholly  unintentionally 
they  delayed  the  progress  of  railway  electrification  by  perhaps 
many  years.  I  speak  of  this,  because  I  think  Mr.  Altes  is  wrong 
in  thinking  it  his  function  to  simply  design  motors  when  the 
railway  engineers  come  to  him  and  ask  for  them.  He  knows 
better  than  most  engineers  the  difficulties  with  which  he  con- 
tends in  the  design  of  such  motors.  Notwithstanding  these 
difficulties,  by  the  skill  which  he  has  acquired,  he  designs  excel- 
lent three-phase  commutating  motors  for  certain  work.  He 
knows  they  are  heavy,  he  knows  they  are  more  expensive,  but 
he  does  his  best,  and  when  the  practical  application  is  of  such  a 
nature  that,  notwithstanding  the  increased  cost  and  weight, 
this  polyphase  motor  is  the  right  thing,  he  gives  them  an  excel- 
lent motor.  That  is  entirely  right  and  proper,  but  if  instead  of. 
merely  designing  the  motor  when  he  is  asked  to  do  so,  he  were  to 
be  less  modest,  and  go  to  the  railway  engineers  and  say — "Look 
here,  there  are  enormous  difficulties  in  this  kind  of  motor  and 
disadvantages  that  you  may  not  realize.  I  see  that  you  are 
beginning  to  entertain  the  thought  that  they  will  be  suitable  for 
railway  work,  and  with  all  due  deference  to  your  experience  in 
railway  work,  I  will  counsel  you  that  they  have  all  sorts  of  faults. 
We  will,  however,  do  our  best  to  overcome  these  faults."  Were 
he  to  do  this,  he  would  be  serving  a  useful  purpose  and  helping 
progress  in  railway  electrification.  I  felt  quite  strongly  that 
that  was  a  point  that  ought  to  be  made,  when  I  heard  Mr.  Altes 
state  that  his  conception  of  his  duty  was  merely  to  design  what 
he  was  asked  to  design. 

If  we  look  back  fifteen  years,  I  think  we  can  see  that  if  those 
who  had  become  so  enthusiastic  over  single-phase  railway  motors 
had  endeavored  to  curb  their  enthusiasm,  and  to  be  more  frank 
regarding  the  diffictilties,  the  situation  would  not  have  got  out 
of  hand  to  the  extent  of  wasting  so  many  million  dollars  .as  we 
know  now  were  wasted.  This  assessment  of  the  waste  is  not 
an  uncorroborated  assertion  coming  from  myself  alone.  We 
now  all  realize  that.  The  admission  is  again  today  implied  quite 
distinctly  in  Latour's  paper,  where  we  can  read  between  the 
lines  that  he  would  not  advocate  single-phase  equipment  of  the 
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rolling  stock.  He  would  put  in  a  motor  generator  and  use  d-c. 
motors.  Mr.  Murray  some  years  ago  came  out  with  the  same 
admission  when  he  said  that  by  putting  a  rectifier  on  his  loco- 
motive he  would  be  able  to  rate  up  the  motors  to  one  and  half 
times  the  load  of  which  they  were  capable  when  operating 
directly  from  a  single-phase  circuit. 

Furthermore,  I  do  not  think  those  who  did  so  much  in  trying 
to  develop  the  single-phase  railway  system  should  feel  so  dis- 
heartenfed,  as  I  gather  they  are  inclined  to  feel  from  some  of  the 
remarks  which  have  been  made.  They  did  admirably  and 
developed  a  really  substantial  working  system  in  several  in- 
stances. Large  values  in  train  mileage  have  been  performed  by 
locomotives  and  cars  operated  by  single-phase  motors,  and 
considering  the  enormous  difficulty  with  which  these  single- 
phase  advocates  were  contending,  they  did  better  than  could 
reasonably  have  been  supposed  possible.  They  only  produced 
these  relatively  satisfactory  results  by  dint  of  the  ablest  sort  of 
engineering. 

B.  A.  Behrend:  Mr.  Latour  refers  most  suggestively  to  the 
transformation,  in  the  locomotive  itself,  of  single-phase  current 
into  direct  current.  In  the  powerful  electric  engines  of  the  Nor- 
folk &  Western  Railway,  single-phase  current  is  being  trans- 
formed into  three-phase  current.  Thus  we  note  brolly  the 
tendency  to  utilize  single-phase  alternating  current  on  the  trolley 
with  motors  of  a  type  other  than  single-phase.  There  are  many 
in  this  audience  here  to-day  who,  sixteen  years  ago,  discussed 
with  great  enthusiasm  the  promise  of  the  application  of  single- 
phase  ctirrents  to  railroad  work,  while  others,  like  Mr.  Hobart 
and  myself,  showed  greater  skepticism.  These  remarks  are 
made,  not  to  deprecate  the  great  credit  due  those  who  developed 
the  single-phase  railway  system,  but  to  point  out  that  ther6 
must  be  reached  an  agreement  among  the  engineers  of  the 
country  in  regard  to  the  system  of  electrification,  if  the  great 
work  of  operating  the  trunk  lines  of  the  country  electrically  is 
to  be  accomplished  with  the  least  opposition  and  the  maximum 
amount  of  co-operation. 

It  is  time  that  such  a  decision  be  reached.  Almost  twenty 
years  ago  the  turbo-generator  began  its  evolution.  Numerous 
types  were  developed  which  have  now  all  been  superseded  by 
the  radial-slot  type,  upon  which  those  who  started  with  this  type 
look  back  with  satisfaction.  There  is  likely  to  be  the  same  result 
in  the  field  of  electrification.  It  would  seem  as  though  it  behooved 
the  engineers  of  the  country  to  understand  the  issue  of  common 
aim  and  to  unite  upon  one  system  after  weighing  with  care  and 
understanding  the  advantages  and  disadvantages  of  the  available 
methods  of  electric  propulsion.  Thus  the  directors  of  our 
great  transportation  system  can  be  met  by  a  united  front, 
advocating  for  each  problem  in  electrification  as  it  may  come  up 
the  same  system,  thus  infusing  confidence  into  the  great  problem 
before  us,  viz.,  that   of  bringing  the  railroad  system  of  our 
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country  up  to  the  utmost  demands  that  may  at  any  time  be 
placed  upon  it. 

William  B.  Jackson:  In  considering  these  papers  I  naturally 
think  .of  the  large  practical  suggestion  that  is  made  by  them, 
which  has  been  referred  to  by  several  of  the  speakers,  namely, 
the  work  that  must  still  be  done,  in  developing  the  most  effective 
and  satisfactory  motor  for  operation  upon  a-c.  systems. 

It  has  been  stated  that  we  are  considering  merely  a  rail- 
road problem,  that  is,  the  electrification  of  our  tftmk  line 
railways.  We  are  doing  this  and  are  doing  considerably 
more,  for  the  reason  that  we  need  very  little  vision  to  see 
in  the  not  distant  future  a  comprehensive  a-c.  electric  system 
covering  almost  every  square  mile  of  the  now  populated  territory 
of  the  United  States.  This  means  the  development  and  regular 
use  of  electric  current  in  ways  that  are  now  unusual.  It  means 
that  we  need  to  arrive  at  the  most  efficient  and  most  effective 
a-c.  motor  for  general  use,  having  good  speed-regulation  charac- 
teristics. 

There  is  another  phase  of  the  situation  which  is  illustrative  of 
the  need  for  simplicity  with  flexibility  in  a-c.  motors;  the  ques- 
tion in  the  equipment  of  our  large  power  stations,  whether  to 
have  alternating  current  alone  for  operating  auxiliaries  or  direct 
current  alone,  or  must  we  have  two  systems  throughout  the 
power  station;  one  of  which  to  serve  constant-current  motors 
and  the  other  to  serve  variable-speed  motors?  This  seems  a 
very  unnecessary  situation  when  we  come  to  the  final  analysis, 
since  if  we  need  motors  operating  at  both  constant  speed  and 
variable  speeds,  motors  should  and  will  be  developed  so  as  to 
eliminate  even  a  question  as  to  the  installation  of  a  dual  system. 

It  thus  seems  to  me  that  the  problem  set  out  by  these  papers 
is  a  very  broad  one,  taking  in  the  railways  as  one  of  the  important 
features,  but  also  involving  the  general  distribution  and  utiliza- 
tion of  power  throughout  the  United  States  to  an  extent  to  which 
it  has  not  yet  been  developed  but  such  as  our  vision  readily 
shows  us  mtist  be  the  case  in  the  not  distant  future. 

V.  Karapetoff :  Prof.  Gray  combines  the  time  diagram  of  the 
e.m.fs.  with  the  space  diagram  of  m.m.fs.,  and  this  is  exactly 
what  I  have  done  in  both  the  device  and  Fig.  7.  Fig.  6,  shows 
only  the  space  diagram,  and  then  I  incorporate  that  diagram  into 
a  figure  showing  the  e.m.f.  diagram,  and  I  point  out  that  the 
stator  bar  is  used  both  for  currents  and  voltages,  which  is 
equivalent  to  saying  it  is  used  for  the  space  diagram  and  time 
diagram  as  well.  If  the  time  diagram  is  in  the  usual  counter- 
clodcwise  representation,  then  the  space  diagram  comes  in 
the  clockwise  representation.  While  I  am  not  sure  that  this  is 
always  so,  I  was  careful  to  point  the  clockwise  representation  in 
Fig.  6  and  counter-clockwise  for  the  time  diagram  in  Fig.  7. 

I  am  glad  to  know  that  at  least  one  manufacturing  company 
in  this  country  has  undertaken  to  further  develop  the  Schrage  mo- 
tor, to  which  Mr.  Altes  makes  a  detailed  reference.    When  I  first 
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saw  a  description  of  the  Schrage  motor  I  was  full  of  hope  that  that 
was  really  the  most  satisfactory  coming  type.  I  could  see  it,  from 
the  principle  incorporated  iji  the  motor.  It  is  really  a  combina- 
tion of  an  induction  motor  with  the  commutator  motor  incor- 
porated in  it,  only  for  the  fraction  of  the  output  differing  from 
synchronous  speed.  For  that  part  of  the  output  which  corresponds 
to  the  synchronous  speed  we  need  no  commutator,  and  the  ordinary 
induction  motor  is  satisfactory.  What  you  need  is  the  counter 
e.m.f.  of  the  proper  frequency  to  be  applied  at  the  terminals  of 
the  rotor  to  force  the  induction  motor  to  operate  without  P  R 
losses  in  the  resistance  at  any  designed  speed,  either  above  or 
below  synchronism,  and  that  is  just  what  the  additional  circuit  in 
the  Scharge  motor  does. 

W.  C.  K.  Altes:  I  find  that  I  did  not  express  myself  properly 
when  I  spoke  about  single-phase  motors.  What  I  meant  to  say 
was  that  the  single-phase  motor  has  low  starting  torque  referring 
to  the  generator  set,  referred  to  by  Mr.  Latour.  I  will  leave 
it  to  the  railway  engineers  to  judge  if  it  is  a  practical  scheme. 

We  would  like  to  provide  a  motor  which  will  make  it  unneces- 
sary in  many  cases  to  obtain  direct-current,  to  change  from 
alternating-current  to  direct-current.  It  has  great  advantage 
in  simplicity  and  efficiency,  the  only  reason  why  we  do  propose 
to  build  two  kinds  of  motors,  a  series  motor  and  a  shunt  motor, 
instead  of  building  one  shunt  motor,  is  that  the  series  motor  is 
so  much  cheaper  than  the  shunt  motor.  In  cases  where  we 
do  not  require  the  shunt  characteristics,  as  with  fans  and  pumps 
and  similar  applications,  we  use  a  series  motor,  and  in  cases 
where  we  do  require  the  shunt-motor  characteristic,  as  on  tools, 
we  will  have  to  use  the  shunt  motor. 
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MIDWINTER  CONVENTION  FEBRUARY,  1918. 


MEMBERS  of  the  electrical  profession  and  industry  have  rea- 
son to  be  pleased  with  the  contributions  which  they  have 
made  for  the  benefit  of  the  worid.  While  we  are  glad  to  think 
that  our  science  and  our  industry  are  fundamentally  devoted  to 
the  products  and  conditions  of  peace,  we  realize  that  in  the  elec- 
tric light,  searchlights,  the  X-ray,  telephones,  telegraph,  wireless 
apparatus,  electric  motors,  etc.,  electricity  plays  an  important 
part  in  the  grim  business  of  war. 

We  are  in  the  midst  of  an  extraordinary  coal  famine,  due  to 
causes  which  it  is  perhaps  imdesirable  for  us  to  attempt  to  out- 
line. However,  I  would  like  to  point  out  how  much  worse  the 
situation  might  have  been  were  it  not  for  the  contributions  of 
the  electrical  engineer;  and  also  how  much  better  our  condition 
might  have  been  if  our  contributions  had  been  more  extensively 
utilized. 

Suppose  we  assiune  that  the  present  serious  situation  is  due 
to  a  lack  of  production  of  coal.  It  is  comforting  to  consider  to 
what  extent  conditions  surrounding  such  production  have  been 
improved  and  how  the  output  of  our  coal  mines  has  been  already 
increased  by  the  use  of  electrical  devices  in  connection  with  coal 
mining — such  for  example  as  the  electric  light,  electric  coal 
cutters,  electric  drills  and  electric  mining  and  hauling  locomotives. 
I  have  no  figures  before  me  but  I  think  it  is  a  fair  assumption  that 
the  output  of  coal  mines  should  have  been  increased  at  least  25 
per  cent  on  the  average  by  the  employment  of  such  electrical 
devices.  If  this  estimate  were  cut  down  to  10  per  cent  it  would 
still  leave  a  possible  increase  in  the  tonnage  of  coal  produced  of 
something  like  50,000,000  tons  during  the  past  year. 

If  on  the  other  hand,  our  situation  is  not  due  to  a  shortage  in 

the  production  of  coal,  but  rather  to  the  failure  of  the  distributive 

agencies  of  the  cotmtry,  which  is  more  probable,  it  is  interesting 

to  see  how  this  difficulty  would  have  been  largely  removed  if  the 

railroads  of  the  country  were  operated  by  electricity  instead  of 

steam. 
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Where  electricity  has  been  substituted  for  steam  in  the  opera- 
tion of  raikoads,  fully  50  per  cent  increase  in  available  capacity 
of  existing  tracks  and  other  facilities  has  been  demonstrated. 
This  increased  capacity  has  been  due  to  a  variety  of  causes,  but 
largely  to  the  increased  reliability  and  capacity,  imder  all  condi- 
tions of  service,  of  electric  locomotives,  thus  permitting  a  speed- 
ing up  of  train  schedules  by  some  25  per  cent,  imder  average  con- 
ditions. Of  cotirse  under  the  paralyzing  conditions  which  prevail 
in  extremely  cold  weather,  when  the  steam  locomotives  practi- 
cally go  out  of  business,  the  electric  locomotives  make  an  even 
better  showing.  It  is  well  known  that  extreme  cold  (aside  from 
the  physical  condition  of  the  traffic  rail)  does  not  hinder  the 
operation  of  the  electric  locomotive  but  actually  increases  its 
hauling  capacity.  At  a  time  when  the  steam  locomotive  is 
using  up  all  its  energy  by  radiation  from  its  boiler  and  engine 
into  the  atmosphere,  with  the  result  that  practically  no  useful 
power  is  available  to  move  the  train,  the  electric  locomotive  is 
operating  under  its  most  efficient  conditions  and  may  even  work 
at  a  greater  load  than  in  warm  weather.  It  may  therefore  be  said 
that  cold  weather  ofiFers  no  terrors  to  an  electrified  road,  but  on 
the  contrary,  it  is  a  stimulant  to  better  performance  instead  of  a 
cause  of  prostration  and  paralysis. 

But  this  is  not  all.  It  is  estimated  that  something  like 
150,000,000  tons  of  coal  were  consumed  by  the  railroads  in  the 
year  1917.  Now  we  know  from  the  results  obtained  from  such 
electrical  operation  of  railroads  as  we  already  have  in  this  coun- 
try that  it  would  be  possible  to  save  at  least  two-thirds  of  this 
coal,  if  electric  locomotives  were  substituted  for  the  present  steam 
locomotives.  On  this  basis  there  would  be  a  saving  of  over 
100,000,000  tons  of  coal,  in  one  year. 

This  is  an  amount  three  times  as  large  as  the  total  coal  ex- 
ported from  the  United  States  during  1917. 

The  canying  capacity  of  our  steam  roads  is  also  seriously 
restricted  by  the  movement  of  coal  required  for  haulage  of  the 
trains  themselves.  It  is  estimated  that  fully  16  per  cent  of 
the  total  ton-mileage  movement  behind  the  engine  drawbar  is 
made  up  of  company  coal  and  coal  cars,  including  in  this  connec- 
tion the  steam  engine  tender  and  its  contents.  In  other  words, 
the  useful  or  revenue  carrying  capacity  of  our  steam  roads  could 
be  increased  about  10  per  cent  with  existing  track  facilities  by 
eliminating  the  entire  company  coal  movement. 

I  have  not  mentioned  the  consumption  of  oil  by  the  railroads 
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which  we  are  told  amoiinted  in  1915  to  something  like  40,000,000 
barrels,  nearly  15  per  cent  of  the  total  oil  produced.  This  fuel 
is  entirely  too  valuable  to  be  used  in  a  wasteful  manner.  It  is 
important  for  many  reasons  that  such  a  wonderful  fuel  as  oil 
should  be  most  economically  used,  if  for  no  other  reason  than 
that  it  will  be  needed  for  the  ships  of  our  forthcoming  merchant 
marine,  for  the  tractors  that  till  our  fields,  and  the  motor  trucks 
that  serve  as  feeders  to  our  railways. 

The  possible  use  of  water  power  should  also  be  considered  in 
this  coimection.  It  i»  estimated  that  there  is  not  less  than 
26,000,000  h.  p.  of  water  power  available  in  the  United  States, 
and  if  this  were  developed  and  could  be  used  in  driving  our  rail- 
roads, each  horse  power  so  used  would  save  at  least  six  pounds  of 
coal  per  horse  power-hour  now  btimed  under  the  boilers  of  our 
steam  locomotives.  It  is  true  that  this  water  power  is  not  uni- 
formly distributed  in  the  districts  where  the  railroad  require- 
ments are  greatest  but  the  possibilities  indicated  by  the  figures 
are  so  impressive  as  to  justify  careful  examination  as  to  the  ex- 
tent to  which  water  power  could  be  so  employed  and  the  amount 
of  coal  which  could  be  saved  by  its  use.  There  is  no  doubt  that  a 
very  considerable  portion  of  the  coal  now  wastefully  used  by  the 
railroads  could  be  released  to  the  great  and  lasting  advantage  of 
the  country. 

The  terrors  of  these  "heatless  days'*  will  not  have  been  with- 
out benefit  if  they  direct  the  attention  of  the  people  and  of  our 
law  makers  to  the  frightful  waste  of  two  of  our  country's  most 
valuable  assets — our  potential  water  power  and  our  wonderful 
coal  reserves.  The  first,  potential  water  power,  is  being  largely 
lost  because  most  of  it  is  allowed  to  run  to  waste,  undeveloped, 
unused.  The  second  asset,  coal,  is  wasted  for  exactly  th^  oppo- 
site reason.  It  is  being  used  but  in  an  extravagant  and  ineflScient 
manner. 

Our  water  falls  constitute  potential  wealth  which  can  only  be 
truly  conserved  by  development  and  use — ^ndllions  of  horse- 
power are  running  to  waste  every  day,  which  once  harnessed  for 
the  benefit  of  mankind  become  a  perpetual  source  of  wealth  and 
prosperity. 

While  the  amount  of  coal  in  our  country  is  enormous,  it  is 
definitely  limited.  While  Providence  has  blessed  us  with  a 
princely  amount  of  potential  riches  in  our  coal  beds,  it  is  known 
that  there  is  a  finite  limit  to  the  amount  of  coal  so  stored  and 
when  this  coal  is  once  exhausted,  it  is  gone  forever.     It  is  really 
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terrifjdng  to  realize  that  25  per  cent  of  the  total  amotmt  of  coal 
which  we  are  digging  from  the  earth  each  year  is  burned  to 
operate  our  railroads  under  such  inefficient  conditions  that  an 
average  of  at  least  six  pounds  of  coal  is  required  per  horse  power- 
hour  of  work  performed. 

The  same  amoimt  of  coal  burned  in  a  modem  central  power 
station  would  produce  an  equivalent  of  three  times  that  amount 
of  power  in  the  motors  of  an  electric  locomotive,  even  including 
all  the  losses  of  generation  and  transmission  from  the  source  of 
power  to  the  locomotive.  Where  water  power  may  be  utilized, 
as  in  our  motmtainous  districts  in  the  West,  all  of  the  coal  used 
for  steam  locomotives  can  be  saved.  In  the  Middle  and  Eastern 
states,  however,  water  powers  are  not  sufficient  and  it  will  be 
necessary  in  a  universal  scheme  of  electrification  that  the  loco- 
motives be  operated  from  steam  turbine  stations,  but  as  I  have 
already  stated,  the  operation  of  the  electrified  railroads  from 
steam  turbine  stations  will  result  in  the  saving  of  two-thirds  of 
the  coal  now  employed  for  equivalent  toimage  movement  by 
steam  locomotives. 

It  is  therefore  not  too  much  to  say  that  if  the  roads  of  the  coun- 
try were  now  electrified  that  no  breakdown  of  our  coal  supply, 
due  to  failure  or  distribution,  would  exist.  What  this  would 
mean  for  the  comfort  of  the  people  and  the  vigorous  prosecution 
of  the  war,  I  will  leave  for  you  to  imagine. 

Of  course  this  picture  which  I  have  briefly  and  inadequately 
sketched  of  the  great  benefits  which  our  country  would  have 
received  if  the  roads  had  been  electrified  does  not  improve  our 
present  situation  and.it  may  be  claimed  that  any  discussion  of 
such  a  subject  at  this  time  is  of  an  academic  nature.  This  point 
of  view  is,  in  a  sense  true,  but  I  think  that  we  can  properly  take 
time  to  consider  it  because  of  the  effect  which  it  may  have  upon 
our  future  efiForts.  This  picture  is  not  merely  an  inventors 
dream  but  is  based  upon  the  solid  foundation  of  actual  achieve- 
ment. We  have  had  enough  experience  upon  which  to  base  a 
fairly  accurate  determination  of  the  stupendous  advantages  and 
savings  which  will  surely  follow  the  general  electrification  of  the 
railroads;  in  fact,  I  think  we  can  demonstrate  that  there  is  no 
other  way  known  to  us  by  which  the  railroad  problem  facing  the 
cotmtry  can  be  as  quickly  and  as  cheaply  solved  as  by  electrifica- 
tion. 

The  solution  of  the  railroad  problem  would  also  "kill  two  birds 
with  one  stone"  by  solving  the  fuel  problem  at  the  same  time. 
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If  it  is  a  fact,  as  has  been  stated,  that  the  steam  raihroads  of  the 
country  have  failed  to  keep  pace  with  the  country's  productive 
capacity — ^the  increased  output  of  manufacturing  industries, 
the  extension  of  agriculture  and  other  demands  for  transportation 
— it  is  obvious  that  if  the  country  is  to  go  ahead,  the  railroad 
transportation  problem  must  be  solved  and  it  must  be  solved 
at  the  earliest  possible  date.  It  becomes  a  matter  of  national 
importance  that  the  best  solution  should  be  reached  in  the  short- 
est possible  time.  That  solution  is  best  which  will  give  the 
greatest  amount  of  transportation  over  existing  tracks,  in  the 
most  reliable  manner,  and  if  possible,  at  the  lowest  operating  cost. 
We  electrical  engineers  are  confident  that  we  can  make  good  our 
claim  that  the  best  solution  is  to  be  found  in  a  general  electrifica- 
tion of  the  railroads.  That  such  a  solution  would  be  of  great 
advantage  to  our  profession  and  to  our  industry  is  important, 
although  not  as  important  as  the  great  advantage  which  it  would 
be  to  otir  country,  freeing  it  as  it  would  from  the  present  threat- 
ened paralysis  of  business,  possibiUty  of  untold  hiunan  suffering 
and  incalculable  financial  loss.  It  should  give  us  courage  and 
optimism  for  the  future  of  our  profession  to  contemplate  the 
service  which  we  may  render  in  this  direction,  and  which  it  seems 
to  me  is  immediately  at  hand.  It  should  arouse  in  all  of  us,  and 
particularly  in  the  younger  engineers,  an  enthusiastic  confidence 
in  the  present  and  future  stability  and  value  of  our  profession 
and  of  the  electrical  industry.  It  should  satisfy  the  young  en- 
gineer that  the  opportimity  for  him  to  render  important  service 
is  as  real  and  great  to-day  as  it  has  been  in  the  past  for  those  of  us 
who  have  seen  and  participated  in  the  marvelous  growth  of  the 
industry  up  to  the  present  time. 

We  would  not  be  justified  in  being  so  confident  of  the  benefits 
of  electrification  of  railroads  if  every  element  in  the  problem 
had  not  been  solved  in  a  thoroughly  practical  manner.  The 
electric  generating  power  stations,  operated  either  by  water  or  by 
steam  turbines,  have  reached  the  highest  degree  of  perfection, 
efficiency  and  reliability,  while  the  transmission  of  electricity 
over  long  distances,  with  reliability,  has  become  a  conunonplace. 
Electric  locomotives  capable  of  hauling  the  heaviest  trains  at  the 
highest  speeds,  up  and  down  the  heaviest  grades,  have  been  built 
and  found  in  practical  operation  to  meet  every  requirement  of  an 
exacting  service.  There  is,  therefore,  no  element  of  uncertainty 
nothing  experimental  or  problematical,  which  should  cause  us  to 
hesitate  in  pressing  our  claims  upon  the  attention  of  the  country. 


Digitized  by  VjOOQIC 


396  PRESIDENVS  ADDRESS  [Feb. 

Electrification  of  railroads  has  progressed  with  relative  slowness 
during  these  many  years,  waiting  upon  the  development  and 
perfection  of  all  of  the  processes  of  generation  and  transmission 
and  of  the  perfection  of  the  electric  locomotive  itself.  When  all 
these  elements  had  been  perfected,  as  they  now  have  been  for 
several  years,  the  railroads  found  themselves  without  the  neces- 
sary capital  to  make  the  investment. 

I  realize  that  the  task  of  electrifying  all  of  the  steam  railroads 
of  the  country  is  one  of  tremendous  proportions.  It  would 
require  under  the  best  of  conditions  many  years  to  complete  and 
demand  the  expenditure  of  billions  of  dollars. 

The  country,  however,  has  clearly  outgrown  its  railway  facili- 
ties and  it  would  require,  in  any  event,  the  expenditure  of  billions 
of  dollars  and  many  years  of  time  to  bring  the  transportation 
facilities  up  to  the  country's  requirements. 

It  is  not  necessary  that  electrification  should  be  universal  in 
order  to  obtain  much  of  its  benefits.  It  is  probable  that  the  most 
serious  limitations  of  our  transportation  system,  at  least  in  so  far 
as  the  supply  of  coal  is  concerned,  is  to  be  foimd  in  the  moun- 
tainous districts  and  it  is  precisely  in  such  situations  that  electri- 
fication has  demonstrated  its  greatest  value.  Electrification  of  a 
railroad  in  a  mountainous  district  will  in  the  worst  cases  enable 
double  the  amount  of  traffic  to  be  moved  over  existing  tracks  and 
grades. 

If  a  general  scheme  of  electrification  were  decided  upon,  the 
natural  procedtwe  would  be,  therefore,  to  electrify  those  portions 
of  the  steam  railroads  which  will  show  the  greatest  results  and 
give  the  greatest  relief  from  existing  conjestion.  Electrification 
of  such  sections  of  the  steam  railroads  would  have  an  immediate 
and  beneficial  effect  upon  the  entire  transportation  system  of  the 
country  and  it  is  our  belief  that  electrification  offers  the  quickest, 
best  and  most  efficient  solution  that  is  to  be  obtained. 

It  may  be  said  that  the  present  is  not  a  propitious  time  in 
which  to  deflect  any  of  the  country's  money  into  railroad  elec- 
trification. I  think  that  in  spite  of  the  enormous  advantages 
of  which  I  have  spoken,  we  would  be  inclined  to  agree  with  such 
a  point  of  view  if  it  were  not  for  the  recent  impleasant  demon- 
stration of  the  failure  of  our  railroad  transportation  systems  to 
meet  the  demands  which  have  been  placed  upon  them  by  the 
industries,  aggravated  it  is  true  by  the  war  conditions  and  also 
by  the  unkindness  of  the  weather. 

After  all,  the  question  for  the  country  to  decide  is  whether  we 
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dare  to  limp  along  with  the  present  conditions  of  restricted  pro- 
duction, due  to  limited  transportation,  at  a  time  when  the  world 
demands  and  expects  from  us  the  greatest  possible  increase  in 
our  efficiency  and  total  production. 

What  assurance  have  we  that  the  present  conditions  are 
temporary,  and  even  if  they  improve  as  they  surely  shall  with  the 
coming  of  warm  weather,  what  are  we  going  to  do  next  winter? 
Of  course,  even  if  we  should  start  electrification  at  once,  we  could 
not  have  all  our  railroads  electrified  by  next  winter  but  we  could 
have  a  good  start,  and  as  Sherman  said  about  the  resumption  of 
specie  payments — "The  way  to  resume  is  to  resume,"  so  "The 
way  to  electrify  is  to  electrify." 
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DESIGN    OF   UNDERGROUND    DISTRIBUTION    FOR 
ELECTRIC  LIGHT  AND  POWER  SYSTEMS 

BY  G.  J.  NBWTON 


Abstract  of  Paper 

In  a  previous  paper  presented  at  the  10th  Annual  Convention 
of  the  Association  of  Iron  and  Steel  Electrical  Engineers  the 
author  made  some  suggestions,  based  on  many  years  experience 
in  designing  underground  distribution  systems,  for  the  guidance 
of  engineers  interested  in  this  class  of  work. 

The  previous  article  treated  the  subject  only  in  a  general 
manner;  the  object  of  this  article  is  to  show  each  step  necessaiy 
in  the  design  of  an  underground  distribution  system,  such  as  is 
usually  required  in  a  medium  size  city. 

No  two  systems  are  entirely  alike.  The  operating  conditions 
and  municipal  requirements  are  different  in  every  locality,  it  is 
impossible,  therefore,  to  make  any  definite  rules  that  will  apply 
under  all  conditions. 

By  assuming  the  average  conditions  met  with  in  the  smaller 
cities  it  is  possiole  to  show  the  fundamental  principles  of  handling 
this  work  in  a  systematic  manner.  While  systems  may,  and  do, 
differ,  still  it  is  possible  to  design  a  system  for  any  type  of  distri- 
bution if  these  principles  are  followed. 

Where  costs  are  given  they  are  based  on  normal  conditions  and 
should  not  be  taken  as  being  the  present  costs,  they  are  used 
simply  for  comparison  however  and  will  be  of  value  in  that  man- 
ner only,  and  if  treated  as  percentage  difference  will  apply  under 
any  reasonable  conditions. 

Owing  to  lack  of  space  no  tables  have  been  printed  in  this 
article  as  they  can  be  found  in  electricsd  handbooks. 


IN  ORDER  to  show  each  step  in  the  design  of  an  underground 
distribution  system  in  the  business  section  of  a  medium  size 
city,  it  will  be  assumed  that  the  present  system  consists  of 
110-220-volt  single-phase  lighting,  220-volt  three-phase  power 
and  a  street  lighting  system,  as  this,  or  somQ  similar  arrangement 
is  commonly  met  with. 

In  order  intelligently  to  design  a  system  of  underground  dis- 
tribution it  is  necessary  to  have  the  following  information: 

1.  The  lighting  and  power  load  in  each  building  and  the  most 
suitable  place  to  terminate  the  service  cables,  due  regard  being 
given  to  the  present  feeding  point,  so  that  the  new  system  of 
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secondary  mains  can  be  located  to  the  best  advantage  with  the 
least  changing  of  the  present  inside  wiring. 

2.  Location  of  all  street  lights  that  are  to  be  connected  to  the 
new  system  of  distribution. 

3.  Voltage  of  the  lights  and  motors  that  are  to  be  supplied 
from  the  new  system. 

4.  Location  of  pipes,  sewers,  foreign  conduit  systems  and  all 
other  sub-surface  obstructions  in  the  streets  where  it  is  proposed 
to  locate  the  new  conduit  system. 

6.     Kind  of  pavement  on  each  street. 

6.  An  accurate  map  of  the  proposed  underground  district 
drawn  to  a  scale  that  will  permit  showing  the  details  of  property 
lines,  curbs  etc. 

7.  A  copy  of  all  city  ordinances  governing  this  class  of  work. 

8.  Cost  of  labor,  teams,  paving,  material  and  equipment  re- 
quired to  install  the  system. 

The  design  of  an  underground  system  is  not  a  difficult  matter 
if  handled  in  a  systematic  manner;  there  are  however,  a  few 
general  niles  that  should  be  adhered  to,  as  far  as  possible,  to  get 
the  best  results. 

1.  Design  the  cable  system  to  give  the  most  economical, 
efficient  and  reliable  service  and  then  lay  out  the  conduit  to  serve 
that  arrangement. 

2.  Try  to  foresee,  and  provide  facilities  for  meeting  every 
kind  of  trouble  that  is  liable  to  occur.  As  far  as  possible  provide 
two  sources  of  supply  for  every  distribution  center,  particularly 
those  located  in  important  districts. 

3.  Remember  that  thfe  ultimate  value  of  the  system  is  not  its 
first  cost;  an  improperly  designed  and  installed  system  will  never 
give  satisfaction  and  will  cost  more  for  changes  and  additions 
in  the  end. 

4.  Use  the  best  material  and  experienced  workmen;  there  is 
no  branch  of  an  electrical  tmdertaking  where  inferior  material 
and  poor  work  will  give  greater  trouble  than  in  an  underground 
system. 

Before  taking  up  the  actual  design  it  will  be  well  to  consider 
the  selection  of  cables  to  be  used  for  the  various  systems  as  this 
must  be  kept  in  mind  while  making  the  design. 

Feeders,  Assuming  that  the  station  is  equipped  with  three- 
phase  generators  and  that  the  lighting  load  is  balanced  on  all 
three  phases,  it  will  be  advisable  to  select  uniform  sizes  of  cables 
for  the  light  and  power  feeders,  in  order  to  reduce  the  amount  of 
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emergency  cable  required  and  also  to  standardize  the  switches 
and  other  equipment. 

Primary  Feeders  run  direct  from  the  station  to  centers  of 
distribution  with  few  or  no  taps  on  them;  they  are  installed  in 
the  lower  or  trunk  ducts  and  are  not  liable  to  mechanical  injury 
after  being  installed.  These  feeders  receive  the  greatest  benefit 
from  the  diversity  factor,  therefore  it  is  not  necessary  to  provide 
a  great  amount  of  reserve  capacity  as  other  feeders  can  be  added 
as  the  demand  increases. 

Secondary  Feeders  run  from  the  centers  of  distribution  to  the 
various  transformers  and  are  also  in  the  lower  ducts;  these  cables 
receive  less  benefit  from  the  diversity  factor  than  the  primary 
feeders  therefore  they  should  have  a  little  more  reserve  capacity. 

For  the  system  under  consideration  both  of  these  classes  of 
cables  should  be  three-conductor  cables.  They  can  be  either 
paper  or  varnished  cambric  insulated.  If  paper  is  used  it  will 
be  necessary  to  splice  rubber  or  varnished  cambric  insulated 
cable  tails  on  it  wherever  they  enter  equipment.  Personally  I 
prefer  varnished  cambric  or  varnished  cloth  insulated  cables  for 
all  distribution  work,  particularly  in  the  smaller  cities  where 
usually  the  cable  department  is  very  limited. 

Secondary  Mains,  The  secondary  mains  for  the  power  system 
will  be  three-conductor  cables  as  they  supply  only  three-phase 
power  and  will  have  three-conductor  services  spliced  to  them. 

The  secondary  mains  for  the  lighting  system  will  have  to  be 
large,  as  that  load  is  single-phase,  as  far  as  the  secondary  distri- 
bution is  concerned,  and  next  to  the  service  cables  they  receive 
the  least  benefit  from  the  diversity  factor. 

If  three-conductor  cable  was  used  there  would  be  a  consider- 
able reduction  in  the  carrying  capacity  over  single-conductor 
cables  (25  per  cent)  also  it  would  not  be  possible  to  take  more 
than  about  two  services  out  of  each  splice;  this  would  increase 
the  number  of  service  boxes  required  and  add  considerably  to  the 
cost  of  the  system. 

The  neutral  of  the  110-220-volt  lighting  system  should  be 
grounded  at  every  transformer  vatdt,  and  therefore  unless  there 
are  some  exceptional  conditions,  such  as  excessive  electrolysis, 
there  is  no  reason  why  the  neutral  can  not  be  a  bare  copper 
stranded  cable,  and  by  using  two  single-conductor  cables  for  the 
"outers"  it  will  be  possible  to  get  the  greatest  benefit  from  the 
carrying  capacity  of  the  cables  installed. 

Considering  the  fact  that  there  is  no  way  of  providing  any 
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emergency  facflities  for  the  secondary  mains  and  that  they 
receive  the  least  benefit  from  the  diversity  factor,  and  are  cut  at 
frequent  intervals  for  splicing  the  services,  it  is  evident  that  they 
are  the  most  important  link  in  the  distribution  system.  Trouble 
on  a  secondary  main  is  very  liable  to  interrupt  service  to  every 
consumer  spliced  to  it,  and  requires  considerable  time  and  expense 
to  repair;  therefore  these  cables  should  be  given  considerable 
excess  canying  capacity  to  provide  for  future  growth,  and  have 
varnished  cloth  or  cambric  insulation.  (Except  in  special  cases 
it  is  unnecessary  to  use  rubber  insulated  cable  on  any  part  of  a 
distribution  system,  except  to  enter  equipment  as  mentioned 
previously.) 

The  single-conductor  secondary  mains  will  permit  four  service 
cables  being  taken  out  of  each  splice  if  necessary. 

It  is  a  good  plan  when  installing  secondary  mains,  particularly 
when  there  is  a  heavy  load  about  the  center  of  a  block,  to  make  a 
loop  service  of  the  main,  instead  of  running  service  cables  into  the 
building,  as  this  permits  sectionalizing  the  main  in  case  of  trouble 
and  reducing  the  number  of  constuners  out  of  service.  This 
arrangement  also  reduces  the  time  required  to  locate  trouble  on  a 
main. 

Service  Cables,  The  service  cables  for  the  power  system  should 
be  three-conductor,  but  those  for  the  lighting  system  should  be 
single-conductor.  It  is  advisable  to  install  three  service  cables 
for  every  consumer  where  there  is  any  liability  of  the  load  being 
over  one  kw.  and  if  three  cables  are  taken  to  all  consumers  it 
will  be  an  easy  matter  to  keep  the  110-220  volt  load  balanced 
without  the  necessity  of  opening  splices  to  make  changes. 

Laterals.  The  lighting  and  power  services  should  be  installed 
in  separate  pipes,  and  in  the  business  district  of  a  city  it  is  a  good 
plan  to  install  two  laterals  to  all  consumers  when  the  system  is 
installed.  When  fibre  conduit  is  used  for  the  laterals,  as  is 
generally  the  case,  the  cost  of  installing  the  additional  duct  is 
very  small  as  there  is  practically  no  additional  excavation  or 
paving  required  and  very  little  additional  concrete. 

Service  Boxes.  Service  boxes  should  be  about  three  by  four 
feet,  and  located  at  the  most  convenient  points  to  permit  the 
services  entering  the  buildings,  they  should  be  spaced  so  that 
the  services  are  not  unreasonably  long  and  that  not  more  than 
four  services  are  taken  out  of  each  box. 

Keeping  the  above  facts  in  mind  we  can  now  proceed  with  the 
design  of  the  system. 
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Load  Map 

Fig.  1  shows  the  load  map.  Each  block  is  numbered  for 
future  reference  and  the  building  lines  are  shown  (it  is  not  neces- 
sary to  show  the  individual  stores  in  a  building  as  all  of  the  con- 
sumers in  a  building  should  be  supplied  from  one  service  in  order 
to  save  cable  and  get  the  benefit  of  the  diversity  factor  between 
consumers) .  The  house  ntmibers  should  be  given  but  are  omitted 
from^this  plan  to  avoid  confusion. 

The  point  where  the  service  is  to  enter  the  building  is  shown, 

TABLE  I 
LOAD  RECORD  BY  STREETS 


Street 

Prom 

To 

Light 

Power 

Total 

Ave.A. 

First  St. 

Second  St. 

88.0 

98.0 

186.0 

«t     •• 

Second  " 

Third     " 

93.0 

67.0 

160.0 

«•          M 

Third    " 

Fourth  " 

63.0 

33.0 

86.0 

•«          (t 

Fourth  " 

Fifth      •* 

110.0 

41.0 

161.0 

«•          •• 

Fifth     •• 

Sixth     " 

08.0 

23.6 

121.6 

Ave.  B. 

Fvst  St. 

Second  St. 

09.0 

36.6 

105.6 

«•    II 

Second  '* 

Third    " 

93.6 

46.0 

138.6 

••     II 

Third    " 

Fourth  " 

197.0 

102.0 

299.0 

i«    «i 

Fourth  •• 

Fifth      •' 

178.0 

83.0 

261.0 

II     II 

Fifth     " 

Sixth     '* 

93.0 

68.0 

161.0 

Ave.  C. 

First  St. 

Second  St. 

44.0 

32.0 

76.0 

•1     II 

Second'* 

Third    " 

48.6 

20.6 

69.0 

I*     If 

Third    *• 

Fourth  " 

67.6 

20.0 

77.6 

II     II 

Fourth  " 

Fifth      •• 

61.0 

14.6 

66.6 

II     II 

Fifth     " 

Sixth       " 

40.0 

32.0 

72.0 

1st  St. 

River 

Ave.  C 

138.6 

76.0 

214.6 

2nd  " 

I* 

II     II 

139.0 

77.0 

216.0 

8rd    " 

li 

II     II 

120.6 

62.0 

182.6 

4th    " 

'• 

II     II 

214.0 

62.0 

276.0 

6th    " 

" 

II     II 

128.0 

31.0 

169.0 

6th    " 

II 

II     II 

109.0 

26.6 

134.6 

Big  store 

66.0 

160.0 

216.0 

2227.6 

1179.6. 

3407.0 

Streets  12.000  ft.,  or  an  average  of  284  kw.  per  1000  ft. 

and  the  loads  are  marked  on  the  plan  facing  the  street  from  which 
they  are  to  be  supplied.  While  it  is  advisable  to  mark  the  most 
desirable  location  for  the  laterals  still  it  is  frequently  necessary 
to  select  a  less  desirable  location  in  order  to  reduce  the  amount 
of  conduit  or  cable;  as  far  as  possible  however,  it  is  advisable  to 
adopt  a  uniform  method  of  installing  the  laterals  as  this  permits 
standard  construction  and  reduces  the  cost. 

Having  completed  the  load  map  the  next  step  is  to  tabulate  it 
by  streets  and  blocks,  as  shown  in  Table  1.    Referring  to  this 
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table,  it  is  seen  that  the  lighting  load  is  2227.5  kw.  and  the  power 
load  is  1179.5,  or  a  total  of  3407  kw.  to  be  supplied  as  follows : 
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Lighting  system  a-c.  110-220  volts  single-phase  three-wire. 
Power  load  a-c.  220  volts,  three-phase. 
Street  light  system,  a-c.  5.5  amperes,  series. 
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It  is  always  advisable  to  show  the  location  of  the  street  lights 
on  the  load  map  for,  assuming  that  all  wires  in  the  district  must 
be  placed  underground,  it  is  evident  that  there  must  be  conduit  to 
every  lamp  and  by  laying  out  a  rough  plan  of  that  system,  or 
circuit,  a  general  idea  of  the  conduit  arrangement  can  be  deter- 
mined. As  the  location  of  the  street  lights  is  determined  by  the 
city  authorities  it  is  seldom  possible  to  change  their  location 
and  by  knowing  where  the  conduit  must  be  placed  for  street 
lights  it  will  frequently  permit  a  saving  in  conduit  in  other 
localities  by  changing  the  secondary  arrangement  of  some  of  the 
consumers. 

Owing  to  the  fact  that  conduit  systems  are  very  expensive 
there  is  a  great  tendency  to  select  streets  having  the  cheapest 
pavement  in  which  to  install  the  conduit.  While  it  is  desirable 
to  do  work  as  cheaply  as  possible,  still  there  is  more  than  the  first 
cost  to  be  considered.  Where  a  conduit  system  is  used  for 
feeders  or  high-tension  systems  exclusively,  and  there  is  no  dis- 
tribution from  it,  there  is  no  objection  to  selecting  such  routes 
as  will  permit  the  conduit  being  installed  as  cheaply  as  possible. 

Where  a  conduit  system  is  installed  for  distribution  to  con- 
sumers the  location  should  be  governed  entirely  by  the  best 
method  of  reaching  the  various  buildings  regardless  of  the  kind 
of  pavement. 

Series  Street  Light  System 

Fig.  2  shows  the  series  street  light  system.  There  are  51 
72-volt  arc  lights  and  15  20-volt  incandescent  lights  on  the  circuit 
in  this  district,  the  approximate  voltage  of  the  system  being 
about  4000.  As  No.  6  6000-volt  cable  is  standard  for  this  class 
of  service  it  is  advisable  to  use  it  for  all  circuits  of  this  system. 

As  the  location  of  the  lamps  is  determined  by  the  city  authori- 
ties, and  the  circuit  must  reach  every  lamp,  there  are  only  two 
things  to  consider;  first  to  use  as  little  cable  as  possible  and 
second  to  arrange  the  circuit  so  that  it  will  be  possible  to  section- 
alize  it  in  case  of  necessity.  The  arrangement,  shown  in  Fig.  2, 
permits  sectionalizing  the  circuit  at  three  points,  in  case  of 
trouble,  without  any  unnecessary  cable  being  used. 

It  is  doubtful  if  a  circuit  as  small  as  this  one  would  require  any 
sectionalizing  facilities;  however  the  arrangement  is  shown  here 
for  illustration. 

Assuming  that  the  arc  lights  on  the  street  are  to  be  placed  on 
new  iron  poles  and  the  incandescent  lights  in  the  alleys  on  wooden 
poles  the  best  arrangement  for  the  cable  would  be  to  use  either 
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paper-  or  vamished-cloth-insulated  cable  for  the  main  cable  and 
rubber-insulated  cable  for  the  pole  ends. 


.LSHX9 


Frequently  the  pole  end  cable  is  run  from  the  manhole,  or 
handhole,  up  the  pole  to  the  lamp,  this  is  a  mistake,  and  a  better 
plan  is  to  terminate  thej>ole  end  cable  in  series  cut-outs  mounted 
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in  the  base  of  the  pole  and  run  insulated  wire  from  this  point  up 
to  the  lamp,  this  permits  the  lamps  being  cut  off  from  the  circuit 
easily  in  case  it  is  necessary  to  test  the  cable  for  trouble  at  any 
time  and  also  saves  considerable  cable. 

Referring  to  the  figure,  it  is  seen  that  there  are  many  places 
where  two-conductor  cable  could  be  used  to  advantage  and  in 
such  cases  the  engineer  must  decide  whether  to  use  all  single- 
conductor  cable  or  two-conductor  where  possible.  The  differ- 
ence in  cost  will  be  very  small  and  undoubtedly  the  single-con- 
ductor cable  would  give  the  most  reliable  service,  and  as  two 
cables  can  easily  be  drawn  in  one  duct  there  is  no  saving  in  duct 
space  by  using  the  two-conductor  cable. 

If  two-conductor  cable  is  used  it  should  be  made  in  the  round 
form  and  not  figure  "8"  or  flat,  as  it  is  practically  impossible  to 
train  the  flat  cable  without  kinking  it,  and  this  will  cause  damage, 
particularly  with  paper-insulated  cable  as  small  as  this  type  of 
cable  would  be. 

Assuming  that  the  cable  has  to  reach  the  15  lights  in  the  alleys 
and  that  the  alleys  are  paved,  and  that,  with  the  exception  of 
Block  14,  it  is  imnecessary  to  run  any  secondary  mains  in  the 
alleys,  the  question  may  arise  as  to  the  advisabiUty  of  installing 
steel-armored  cable  laid  directly  in  the  ground  for  these  exten- 
sions. 

If  the  alleys  are  paved  there  will  be  very  little  difference  in 
cost  between  the  two  systems,  possibly  a  saving  of  25  per  cent. 
This  is  too  small  a  saving  to  warrant  purchasing  and  keeping  in 
stock  the  extra  type  of  cable.  The  best  plan  would  be  to  install  a 
single  fibre  duct  to  all  of  the  lamp  poles  in  the  alleys.  Armored 
cable  should  never  be  installed  under  permanent  pavement, 
particularly  in  the  business  section  of  a  city. 

In  making  the  estimate  for  this  system  it  will  be  asstmied  that 
No.  6  vamished-cambric-insulated  cable,  for  6000  volts,  is  used, 
terminating  in  cutouts  in  the  base  of  the  iron  poles  and  in  cut- 
outs mounted  on  the  wooden  poles  above  the  lateral  pipe. 

Owing  to  the  location  of  the  street  lights  the  cable  for  this 
system  will  have  to  be  installed  in  one  of  the  upper,  or  distribu- 
tion, ducts  so  that  it  can  be  taken  out  at  any  handhole  for  future 
lights  that  may  be  installed.  If  there  were  other  arc  circuits, 
feeding  other  districts,  they  would  of  course  be  installed  in  the 
lower  or  trunk  ducts,  such  cables  could  be  paper  insulated  as 
they  would  have  no  taps  on  them  until  brought  out  at  the  pole 
from  which  they  were  to  run  aerial. 
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While  a  series  arc  circuit  has  been  shown  in  this  system  it  is 
practically  certain  that  in  this  district  the  streets,  or  the  principal 
ones  at  least,  would  have  an  ornamental  system,  these  systems 
vary  so  greatly  that  it  was  not  thought  advisable  to  show  one  on 
these  plans.  If  an  ornamental  system  is  required  in  this  district 
it  will  be  fotmd  that  there  is  a  spare  duct  in  the  upper  tier  of 
conduit  that  is  available. 

While  the  series  arc  circuit  has  been  designed  first,  in  this  case 
it  does  not  particularly  aid  the  design  of  the  secondary  layout  as 
the  load  in  the  district  is  so  heavy  and  so  well  distributed  along 
the  streets  that  it  is  evident  that  mains  will  have  to  be  placed 
along  each  street;  still  this  method  is  usually  advisable. 

Center  of  Distribution 

From  a  distribution  point  of  view,  the  ideal  location  for  a  sta- 
tion would  be  at  the  center  of  the  load  that  it  was  to  supply, 
but  unfortunately  such  a  location  is  seldom  possible  or  advisable 
owing  to  the  value  of  real  estate  and  lack  of  facilities  for  receiving 
and  storing  fuel.  In  the  case  under  consideration  the  power 
house  is  already  located  and  the  distribution  must  be  designed 
from  that  point.  It  is,  therefore,  necessary  to  find  where  the 
center  of  the  load  is,  or  if  it  is  too  large  for  one  feeder  to  supply, 
the  load  must  be  divided  and  separate  centers  located. 

Where  the  load  is  large  enough  to  require  two  or  more  feeders 
it  should  be  divided  as  equally  as  possible  so  as  to  permit  using  a 
uniform  size  of  cable  for  all  the  feeders.  If  there  is  any  section 
where  the  load  is  liable  to  increase  rapidly  this  fact  should  be 
considered  in  locating  the  center  of  distribution  and  assumed  to 
exist,  and  feeder  capacity  allowed  for  it. 

Fig.  3  shows  the  three-phase  power  arranged  for  locating  the 
centers  of  distribution.  Ordinarily  it  is  sufficient  to  assume  that 
the  entire  load  in  a  block  is  concentrated  at  the  center  of  the 
block,  for  the  purpose  of  illustration  in  this  case  the  load  has 
been  shown  on  each  side  of  each  street,  and  the  loads  are  marked 
facing  the  streets  from  which  it  will  be  supplied.  (This  system 
of  marking  is  carried  out  on  all  of  the  illustrations.) 

Referring  to  Table  1,  the  power  load  is  given  as  1179.5  kw., 
this  includes  the  150  kw.  that  is  in  the  store  at  4th  Street  and 
Ave.  B.  which  is  to  be  supplied  by  a  separate  feeder  from  the 
station,  leaving  1029.5  kw.  (say  1030  kw.)  to  be  supplied  by  the 
regular  feeders.  This  is  too  large  a  load  to  supply  with  one 
feeder,  and  as  2/0  three-conductor  cable  will  supply  558  kw. 
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at  2200  volts,  it  is  advisable  to  use  two  feeders  of  that  size  and 
locate  two  centers  of  distribution,  each  having  about  515  kw. 
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*          The  Underground  District  is  divided  i 

Two  Districts  as  shown  by  the  Heavy  OotI 

each  Section  is  fed  by  Seperate  Feeders. 

Load  on  No.l  Feeder  is  504  Kw. 

Load  on  No2  Feeder  is  525.5  Kw. 
Total  Load  1029.5  Kw. 

;%>' 

:?*-©      ( 

a 

-  (Tf 

5)  -XSON3 

0>  « 

«(5 

SI 

81 

-4: 

1 

J 
Ml 

0 

I) 

® 

^ 

1 

J          1 
li 

> 

ID 

ui 

OJ 

E 

_ 

< 

> 
< 

a 

2 
O 
? 

D 

m 
3 

H 


H 
H 

fd 
O 

cl 

6 


or  half  the  total  load.     Later  the  actual  size  of  feeders  can  be 
calculated,  considering  the  power  and  diversity  factors. 

Referring  to  Fig.  3,  the  heavy  broken  line  running  north  and 
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south  divides  the  load  as  follows:  Feeder  No.  1,  604  kw.,  feeder 
No.  2, 526  kw.  (It  is  always  best  to  try  several  ways  of  dividing 
the  load  and  then  select  the  one  giving  the  best  results.) 

The  loads  marked  in  the  small  circles  in  the  streets  are  the  sums 
of  the  loads  in  the  blocks  facing  those  streets  and  the  circles  are 
located  approximately  where  these  centers  would  be. 

The  lines  joining  the  various  loads  are  numbered  from  1  up  to 
14,  for  feeder  No.  1,  and  gives  a  result  of  504  kw.,  and  the  large 
circle  marked  604  kw.  is  the  proper  point  from  which  to  supply 
this  district. 

As  it  is  very  probable  that  the  transformers  for  supplying  the 
lighting  load  will  be  located  at  street  intersections  it  is  safe  to 
assume  this  centre  of  distribution  as  being  at  the  nearest  comer, 
or  Second  Street  and  Avenue  B.  Center  No.  2  is  calculated  in 
the  same  maimer. 

The  order  in  which  the  loads  were  taken  is  to  avoid  confusion; 
the  work  can  be  simplified  greatly  by  combining  loads  of  equal 
size  whenever  possible. 

2200-VoLT  Thrbb-Phasb  Power  Feeders 

Fig.  4  shows  the  power  load  marked  in  each  block  and  the  two 
power  feeders  terminating  at  the  centers  of  distribution,  that 
were  located  on  Fig.  3.  In  order  to  provide  for  an  emergency 
there  is  a  spare  feeder  shown  laid  out  in  such  a  manner  that  the 
load  on  either  of  the  regular  feeders  can  be  transferred  to  the 
emergency  feeder  in  case  of  necessity.  The  spare  feeder  is  also 
arranged  to  act  as  aij  emergency  feeder  to  the  large  store  at  4th 
Street  and  Avenue  B.,  should  its  regular  feeder  fail. 

As  far  as  possible  each  feeder  is  run  over  a  separate  route.  In 
a  small  district,  such  as  the  one  tmder  consideration,  separate 
routes  from  the  station  are  not  warranted  and  the  next  best 
method  is  to  separate  the  feeders  as  soon  after  they  leave  the 
station  as  possible. 

Having  decided  the  route  of  the  feeders  the  next  step  is  to 
calculate  the  size  of  cable  to  use.  The  power  load  is  constantly 
changing  and  it  is  impossible  to  tell  what  the  actual  maximum 
demand  will  be  for  any  group  of  consumers  and  all  that  can  be 
done  is  to  assume  certain  conditions  as  a  basis  for  the  calculations. 

The  maximum  demand  of  a  group  of  consumers  is  less  than  the 
sum  of  the  several  maxima,  likewise  the  sum  of  several  groups  is 
less  than  the  sum  of  their  maxima,  therefore,  in  a  distribution 
system  the  primary  feeders  will  receive  the  greatest  benefit  from 
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the  diversity  factor,  the  secondary  feeders  less  benefit,  and  the 
secondary  mains  the  least  benefit. 


Assuming  that  the  maximum  demand  will  vary  from  60  to  80 
per  cent  of  the  connected  load  on  various  parts  of  the  system,  the 
feeders  and  mains  can  be  calculated  as  follows: 
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Primary  feeders,  60  per  cent  of  the  connected  load. 

Secondary  feeders,  70  per  cent  of  the  connected  load. 

Secondary  mains,  80  per  cent  of  the  connected  load. 

Where  definite  knowledge  of  the  demand  is  known  other  figures 
should  be  substituted  for  those  given  here. 

Referring  to  Fig.  5,  it  will  be  seen  that  there  are  127  consumers 
having  a  total  connected  load  of  1030  kw.,  or  an  average  of  8.1 
kw.  each.  This  is  rather  high  for  a  district  such  as  is  under 
consideration,  and  it  is  evident  that  the  demand  for  power  is 
fairly  high  in  this  district.  As  the  system  is  used  exclusively 
for  power  the  power  factor  will  be  about  0.8  and  for  the  feeders, 
take  60  per  cent  as  the  demand  factors,  as  the  load  on  each  feeder 
is  practically  the  same  it  is  only  necessary  to  calculate  one  feeder. 

TABLE  II— CARRYING  CAPACITY  OP  MULTI-CONDUCTOR  CABLES. 
SAFE  CURRENT  IN  AMPERES 


SiM 

1 -Conductor 

2-Conductor 

3-Conductor 

8 

45 

39 

34 

6 

64 

66 

48 

4 

91 

79 

68 

3 

126 

109 

94 

0 

168 

146 

126 

00 

195 

170 

146 

000 

225 

196 

169 

0000 

260 

226 

196 

260.000 

293 

265 

220 

Noiv:  This  table  is  based  on  information  contained  in  the  Standard  Underground  Go's. 
Handbook,  taking  the  carrying  capacity  of  single-conductor  cable  as  100  per  cent  and 
using  87  per  cent  for  two-conductor  cable  and  76  per  cent  for  three-conductor  cable 
for  continuous  operation  at  a  temperature  not  exceeding  150  deg.  fahr.. 


Example. 
Feeder  No.  2 

Connected  load 526 . 0  kw. 

Power  factor 80  per  cent 

Demand  factor 60  per  cent 

Allow  for  growth  25  per  cent  of  the  connected  load. 

526  kw. 

-— ~ ;; =  668  kw. 

0 . 8  power  factor 

658  X  0.6     »  395  kw.  present  actual  load. 
526  X  0.25  =  132   "     allowance  for  growth. 


527     "     total  load  for  which  to  provide  feeder  capacity, 
kw.  X  1000  527  X  1000 


E  X  1.73 


2200  X  1.73 


138  amperes 
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Referring  to  Table  II  undi^r  three-conductor  cable,  it  is  seen 
that  2/0  cable  will  carry  146  amperes,  therefore  this  is  the  proper 
size  to  use,  and  this  checks  the  first  selection  of  feeder  size  in 
calculating  the  centre  of  distribution. 

Three-conductor  2/0  cable  will  deliver  558  kw.  at  2200  volts, 
which  is  about  6  per  cent  more  than  the  present  connected  load 
on  the  feeder,  or  41  per  cent  more  than  the  estimated  load  of  395 
kw.  Three-conductor  1/0  cable  will  deliver  481  kw.  at  2200 
volts  and  while  this  would  supply  the  present  estimated  load, 
it  would  leave  a  very  small  i^serve  capacity,  particularly  as  the 
estimated  load  is  based  on  assumed  conditions. 


CM. 


M  M  M  I  I  I  I  1  I  1  I  1  I  I  M  I  I  I 


Chart  I — Load  in  Kw.-Three-Phase-220  Volts — 80  Per  Cent  Power 
Factor — 5  Per  Cent  Lost  -  11  Volts 

TIms  chart  is  for  uae  in  determining  the  size  of  the  three-phase  power  mains  to  save  calcu- 
lating each  one — in  using  it  care  must  be  taken  to  see  that  the  cable  will  carry  the  amperes 
that  the  load  requires 

It  is  in  a  case  like  this  that  the  engineer  must  be  guided  by  his 
personal  knowledge  of  the  conditions,  and  as  cost  is  frequently 
the  deciding  factor  we  can  make  an  estimate  for  each  size  of 
feeder. 

Feeder  No.  1 1000  ft. 

Feeder  No.  2 1000  ft. 

Emergency  Feeder 1400  ft. 

Total 3400  ft. 

The  following  prices  are  approximately  correct  for  three- 
conductor,  vamished-cambric-insulated,  lead-covered  cables  for 
2300  volts  working  pressure,  with  copper  at  16  cents  per  lb. 
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Price  per 
Size  1000  ft. 


No.  4     cable $220.00 

"    2         " 300.00 

*'     1/0     " ...390.00 

"    2/0     " 460.00 

"    4/0     " 635.00 

No.  2/0  cable  1400  ft.  at  $450.00 $1530.00 

"    1/0       "    1400"     "     390.00 1326.00 

•  $  204.00 

This  is  a  very  small  amount  to  save  considering  that  the  duct 
space  and  cost  of  installation  are  practically  the  same  for  either 
cable  and^the  additional  security  and  reserve  capacity  would 
justify  the  use  of  the  2/0  cable  in  this  case. 

Before  laying  out  the  secondary  feeders  it  is  advisable  to 
design  the  secondary  mains,  as  the  location  and  size  of  the  trans- 
formers will  depend  on  their  arrangement.  ' 

220-VoLT  Three-Phase  Power  Mains 

Fig.  5  shows  the  arrangement  of  the  220-volt  three-phase 
power  mains  laid  out  so  as  to  supply  all  of  the  power  consumers. 
It  will  be  noticed  that  some  of  the  mains  only  extend  far  enough 
to  supply  the  load  on  certain  streets  and  are  not  continued  to  the 
adjacent  manhole.  This  is  a  good  plan  to  try  at  first  and  calcu- 
late the  size  of  cable  required  for  each  main,  and  where  the  cable 
will  be  too  large  the  main  can  then  be  extended  to  the  next  man- 
hole so  that  it  will  complete  the  network  and  be  supplied  from 
each  end. 

The  two  feeder  districts  are  kept  separate,  but  where  mains 
from  one  feeder  extend  to  a  manhole  of  the  other  district  (as  at 
Ave.  B.  and  Third  Street)  they  can  be  tied  together  in  a  suitable 
junction  box  so  that  they  are  supplied  from  both  ends.  The 
main  will  form  a  loop  in  such  cases. 

In  calctilating  the  size  of  cable  to  use  for  the  mains  it  must  be 
remembered  that  all  of  the  services  are  spliced  directly  to  the 
mains,  and  the  replacement  of  a  main  is  a  very  expensive  matter, 
the  old  cable  removed,  being  in  short  lengths,  is  of  little  value 
except  for  junk. 

While  it  is  certain  that  all  of  the  motors  will  not  be  operated 
at  the  same  time  still  the  mains  must  be  of  sufficient  size  to 
maintain  the  voltage  without  excessive  drop  tmder  the  worst 
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condition.  Where  there  is  a  reasonable  prospect  that  the  load 
will  increase  it  is  advisable  to  install  mains  large  enough  to  pro- 
vide for  this  increase. 
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To  illustrate  the  method  of  calculating  the  size  of  mains,  in 
Fig.  5,  take  the  two  blocks  on  Avenue  C,  from  First  to  Third 
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Street,  which  has  mains  on  both  sides  of  the  street  and  is  supplied 
from  transformers  at  each  end. 

Allowing  5  per  cent  drop,  0.8  power  factor  and  assuming  that 
80  per  cent  of  the  motor  load  is  to  be  operated  at  the  same  time, 
the  0.8  power  factor,  and  the  80  per  cent  denmnd  factor  will,  in 
this  case,  counterbalance  each  other  and  by  taking  the  con- 
nected load  as  the  amount  to  be  provided  for  we  will  be  allowing 
for  these  conditions. 

First  take  the  load  in  each  block  separately  and  assume  that 
transformer  No.  1  supplies  the  22  kw.  in  block  No.  1,  and  that 
transformer  No.  2  supplies  the  13  kw.  in  block  No.  2;  the  center 
of  the  22-kw.  load  is  about  310  ft.  from  transformer  No.  1  and 
the  center  of  the  13-kw.  load  is  165  ft.  from  transformer  No.  2. 

EXAMI  LB 

kw.  X  1000  kw.  X  580 


E  X  1.73  E 

22  X  580  12,760 


220  220 

And  for  the  size  of  cable, 

Cir.  Mils.  -    ft.  X  2  X  11  X  amperes 
volts  lost 


310  X  2  X  11  XJ8_  ^  36.960. 


=  58  amperes. 


11 

The  next  larger  size  is  No.  4  or  41,740  dr.  mils,  and  from  Table 
II,  imder  three-conductor  cable,  it  is  found  that  No.  4  will  carry 
68  amperes  so  this  size  will  carry  the  present  load  but  provide 
little  spare  capacity  for  growth.  For  the  present,  asstmie  that 
No.  4  will  be  used  here  and  proceed  in  the  same  manner  to  calcu- 
late the  size  for  the  13-kw.  load.  The  result  is  11,220  cir.  mils, 
or  between  No.  9  and  No.  10  wire,  but  as  it  is  not  advisable  to 
use  an)rthing  smaller  than  No.  4  for  secondary  mains  it  will  be 
asstuned  that  this  section  will  be  No.  4  also.  So  far  nothing  has 
been  allowed  for  growth  but  the  mains  would  extend  from  each 
transformer  bank  far  enough  to  supply  all  of  the  loads.  This 
arrangement  could  be  used  at  first  and  later  when  the  load  de- 
manded the  two  mains  could  be  tied  together  with  the  following 
result. 
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The  total  load  in  the  two  blocks  will  be  22  +  13  »  35  kw. 
which  is  assumed  to  be  located  at  the  center,  or  400  ft.  from  each 
end  of  the  main. 

Total  load,  35  kw. 

Supplied  from  each  end,  17.5  kw.  (say  18  kw.). 

18  X  580  .Q 

■   =  48  amperes. 


220 
Cir.  mils  =     ^00  ft-  X  2^X  11  X  48    ^  ^^^^^  ^^^  j^^  ^^ 

This  will  give  a  continuous  main  and  would  provide  for  a  very 
considerable  increase  in  load  as  the  entire  load  is  not  concen- 
trated at  the  center  of  the  main,  as  assumed. 

The  assumption  of  80  per  cent  demand  factor  is  tmdoubtedly 
high,  for  this  class  of  service  and  is  only  used  here  as  an  example 
of  the  method  of  calculation.  All  of  the  other  mains  are  calcu- 
lated in  the  same  manner. 

The  mains  should  all  be  calculated  and  marked  in  pencil  on 
the  plan  temporarily,  after  which  it  is  advisable  to  select  a  few 
standard  sizes  and  use  them  throughout  the  system.  If  the 
power  and  lighting  cables  are  all  marked  temporarily  at  first  it  is 
frequently  possible  to  standardize  both  systems  with  a  few 
different  sizes  of  cable. 

In  calculating  the  size  of  mains  on  Avenue  A,  from  First  to 
Third  Street,  it  was  found  advisable  to  extend  two  of  the  mains 
as  shown  by  the  dotted  lines  to  permit  using  No.  1/0  cable  for 
all  of  the  mains  in  those  two  blocks  and  assuming  that  the  total 
load  was  concentrated  at  the  manhole  at  Avenue  A  and  Second 
Street,  which  is  the  worst  condition  that  could  occur  in  this  sec- 
tion, the  four  No.  1/0  mains  terminating  there  are  ample  to 
supply  it. 

The  mains  as  laid  out  in  Fig.  5  are  of  two  sizes.  No.  4  and  No, 
1/0,  and  these  sizes  are  very  suitable  as  probably  with  the  addi- 
tion of  some  three-conductor  No.  6  cable,  for  small  services,  all 
of  the  mains  and  services  can  be  installed  with  three  sizes  of 
cable. 

The  consumer  service  cables  will  average  about  50  ft.  each  and 
the  loads  vary  from  1  to  60  kw.  The  drop  in  the  services  should 
not  be  more  than  1  per  cent,  or  2  volts,  and  the  full  coimected 
load  should  be  provided  for  to  take  care  of  the  extra  current  re- 
quired for  starting  the  motors. 
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The  services  can  be  divided  into  three  groups  as  follows: 

0  to  10  kw.  Use  No.      6,  three-conductor  cable. 
11    **  20     **       *^     "         4         **  **  '' 

21   "  40     "      "    "     1/0,       "  "  " 

Where  the  load  is  over  40  kw.  two  service  laterals  can  be  in- 
stalled if  the  operating  conditions  of  the  load  demand  it,  and 
frequently  the  location  of  the  motors  is  such  that  two  services 
are  desirable;  a  case  of  this  kind  is  shown  at  Avenue  A.  and  Second 
Street  where  two  services  are  required  and  they  are  taken  from 
separate  mains. 

The  next  operation  is  to  determine  the  size  of  the  transformers 
to  install  at  the  feeding  points.  Owing  to  the  fact  that  the 
motor  load  is  constantly  changing  it  is  a  very  difficult  matter  to 
determine  the  most  economical  size  of  transformers  to  install, 
while  there  are  occasional  heavy  loads  still  the  average  load  is 
considerably  less. 

It  is  not  advisable  to  have  a  large  variety  of  sizes  as  this  makes 
it  necessary  to  keep  a  large  number  of  transformers  on  hand  for 
emergency  purposes.  The  best  method  is  to  decide  on  as  few 
sizes  as  possible  and  use  them  in  open  delta  where  necessary  on 
small  loads. 

It  will  be  noticed  that  the  transformers  are  spaced,  and  the 
mains  laid  out,  so  that  a  large  increase  in  load  can  be  taken  care 
of  by  simply  installing  transformers  at  the  intermediate  man- 
holes without  the  necessity  of  changing  any  of  the  mains;  also 
at  some  points  the  mains  can  be  extended  to  the  next  manhole  to 
complete  the  network. 

Following  is  a  summary  of  the  loads  to  be  supplied  at  the 
various  feeding  points.  Transformers  No.  1  to  No.  5  are  supplied 
by  feeder  No.  1  and  transformers  No.  6  to  No.  9  are  supplied  by 
feeder  No.  2. 


Location 

Connected 

76% 

Number  of 

Size  of 

ToUl 

.load 

of  load 

tranaformert 

trans. 

capacity 

No.  1 

51  kw. 

38  kw. 

2 

26  kw. 

60  kw. 

«  2 

61     " 

46    " 

2 

26    " 

60    " 

*•  3 

118    " 

88    •' 

3 

26     " 

76    " 

•*   4 

176    " 

131     " 

3 

60    •• 

160    " 

*'   5 

106    " 

79    •• 

3 

26     " 

76    " 

**   6 

212    " 

169    •• 

3 

60     " 

160    •• 

•<       19 

84    •• 

63     " 

3 

26     •• 

76    " 

"  8 

76    " 

67    " 

3 

26     " 

76    " 

<•      g 

160    " 

112    •• 

3 

60    " 

160    " 

Total  traniformer   caoac 

dty 

860  kw. 
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The  total  power  load  was  1030  kw.  which  is  equivalent  to 
1380  h.  p.y  and  as  60  per  cent  of  the  connected  load  was  taken  as 


in  hi 
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ui 


the  maximum  demand,  or  828  h.  p.  the  transformer  capacity  is  a 
little  over  one  kw.  per  h.  p.  which  is  the  usual  practise  in  power 
installations. 
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At  feeding  point  No.  8,  it  would  no  doubt  be  advisable  to  start 
with  two  26-kw.  transfonners  in  open  delta  as  the  load  is  only  57 
kw.  but  for  the  purpose  of  this  estimate  it  was  considered  best  to 
be  on  the  safe  side. 

It  must  be  remembered  that  in  designing  a  system  and  making 
an  estimate  of  the  cost,  considerable  allowance  must  be  made  for 
future  conditions,  as  considerable  time  will  undoubtedly  elapse 
between  the  time  that  the  designs  are  prepared  and  the  installa- 
tion of  the  system.  The  engineer  also  must  not  tmderestimate 
the  cost. 

2200- Volt  Three-Phase  Secondary  Power  Feeders 

Fig.  6  shows  the  2200-volt  three-phase  secondary  power 
feeders  that  run  from  the  centers  of  distribution  to  the  various 
feeding  points  to  supply  the  transformers  and  the  low- tension 
network  as  shown  in  Fig.  5. 

The  total  connected  load  and  the  ntmiber  and  size  of  trans- 
formers is  marked  at  each  feeding  point.  In  the  original  estimate 
for  this  system  it  was  assumed  that  70  per  cent  of  the  connected 
load  would  be  the  maximum  demand  on  these  feeders;  the  cable 
has  been  calculated  on  this  basis,  and  there  are  only  two  sizes  of 
cable  used  in  this  system. 

From  the  manner  in  which  the  cables  are  installed  it  is  evident 
that  the  capacity  of  the  system  can  be  greatly  increased  by  simply 
running  a  few  sections  of  No.  6  cable  and  installing  additional 
transformers  at  intermediate  vaults.  This  would  make  it 
necessary  to  alter  the  secondary  network  so  as  to  maintain  a 
balance  but  this  would  be  simply  a  matter  of  changing  connec- 
tions in  the  junction  boxes. 

The  largest  single  load  at  any  point  is  at  Avenue  A.  and  First 
Street,  175  kw.  and  as  70  per  cent  of  this,  or  122.5  kw.,  is  assumed 
to  be  the  maximum  demand  and  the  three-conductor  No.  6 
cable  will  supply  this. 

On  Avenue  B.,  from  Fifth  to  Sixth  Street,  No.  6  cable  is 
specified,  and  while  this  is  large  enough  for  the  present  load  it 
might  be  a  good  plan  to  use  No.  4  here  as  this  is  on  the  main 
feeder  that  would  have  to  be  extended  in  case  the  district  was 
enlarged  later. 

This  completes  the  power  system  and  the  next  step  is  to  con- 
sider the  lighting  system. 
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2200- Volt  Three-Phase  Lighting  Feeders 

Fig.  7  shows  the  2200-volt  three-phase  lighting  feeders.  By 
reference  to  Table  No.  I  the  lighting  load,  exclusive  of  the  big 
store,  at  Avenue  B.  and  Fourth  Street,  is  given  as  2162  kw. 
This  is  the  connected  load  in  the  district. 

The  demand  of  a  group  of  residence  consumers  will  vary  from 
15  per  cent  to  30  per  cent  of  the  connected  load,  and  the  average 
will  probably  be  between  20  and  25  per  cent.  In  commercial 
lighting  the  demand  is  much  higher,  as  sign  and  window  lights, 
as  well  as  most  of  the  store  lights,  are  used  at  the  same  time.  To 
offset  this  demand  it  is  seldom  that  the  lights  in  offices  over 
stores  are  used  when  the  store  demand  is  at  a  maximimi.  The 
demand  for  conmiercial  lighting  will  vary  from  40  to  70  per  cent 
of  the  connected  load,  depending  on  the  nature  of  the  district 
and  the  class  of  service,  some  nights  the  demand  being  much 
greater  than  other  nights.  The  average  demand  for  commercial 
lighting  will  be  from  50  to  60  per  cent  of  the  connected  load. 

The  district  that  is  under  consideration  is  the  business  district 
of  a  small  city  where  practically  all  of  the  consumers  are  in  the 
commercial  class,  it  will  therefore  be  assumed  that  the  demand 
factor  will  be  60  per  cent  of  the  connected  load. 

The  total  connected  load  is  2162  kw.,  and  60  per  cent  is  1297 
kw.  (say  1300  kw.)  and  the  first  thing  to  decide  is  the  proper  size 
of  feeders  to  use  for  this  load.  No.  1/0  will  carry  481  kw.  at 
2200  volts,  and  it  would  require  three  such  cables  to  carry  the 
load  and  leave  about  140  kw.  spare  capacity.  This  is  about  11 
per  cent  but  as  it  is  doubtful  if  the  load  could,  in  practise,  be 
evenly  divided  between  the  three  feeders  this  would  be  a  small 
margin;  also  if  possible  it  is  a  good  plan  to  use  the  same  size 
cables  as  was  used  for  the  power  feeders  so  as  to  reduce  the 
number  of  different  sizes  that  must  be  kept  on  hand  for  emer- 
gency, and  also  permit  using  uniform  equipment  on  the  two  sys- 
tems. 

The  total  amount  of  cable  required  for  this  system  is  about 
3800  ft.  and  it  would  cost  approximately  as  follows: 

No.  2/0  3800  ft.  at  $446.00  per  M.  $1694.80 
No.  1/0  3800  ft.  at    386.00  per  M.    1466.80 


$  228.00 

The  saving  in  cost,  by  using  No.  1/0  would  not  be  enough  to 
warrant  canying  the  additional  size  in  stock,  and  considering 
that  the  duct  space  and  cost  of  installation  is  the  same  for  both 
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sizes,  it  is  advisable  to  select  No.  2/0  for  all  primary  feeders  for 
both  systems. 
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There  is  another  point  in  favor  of  using  No.  2/0  cable  for  this 
system,  and  that  is,  that  the  emergency  feeder  was  of  this  size 
and  by  extending  it  from  Fourth  to  Fifth  Street  on  Avenue  B. 
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(as  shown  by  the  dotted  line  in  Fig.  4)  it  can  be  used  as  an  emerg- 
ency feeder  for  both  systems. 

By  using  three  No.  2/0  feeders  for  this  system  the  total  feeder 
capacity  will  be  3  X  558  kw.  or  1674  kw.  This  is  77  per  cent 
of  the  connected  load,  which  is  rather  high,  but  considering  all 
of  the  conditions  it  is  the  most  suitable  arrangement. 

The  total  load  is  2162  kw.,  which  will  give  720  kw.  for  each 
feeder,  and  locating  the  centers  of  distribution  in  the  same  man- 
ner as  was  done  for  the  power  feeders  the  following  result  is 
obtained: 

Feeder  No.  1,  713  kw. 

Feeder  No.  2,  752  kw. 

Feeder  No.  3,  697  kw. 

The  three  centers  of  distribution  are  marked  approximately 
where  they  are  calculated  by  assuming  the  loads  to  be  concen- 
trated at  the  points  where  they  are  marked.  As  none  of  the 
points  are  over  200  ft.  from  street  comers,  where  the  power 
transformers  will  be  located,  the  same  location  will  answer  for 
this  system  and  one  vaidt  will  do  for  both  systems.  The  dotted 
line  divides  the  district  into  three  sections  showing  the  load  to  be 
supplied  by  each  feeder. 

The  next  point  to  consider  is  the  feeder  for  the  big  store,  which 
has  to  be  supplied  separately.  The  total  load  in  the  store  is 
215  kw.  100  kw.  power,  and  115  kw.  lighting.  There  are  three 
75-kw.  transformers  in  the  store,  and  as  No.  4  is  the  smallest 
size  of  cable  used  for  feeders  it  is  advisable  to  use  that  size  for 
this  feeder  as  it  will  safely  carry  260  kw.  There  should  be  an 
emergency  feeder  of  the  same  size  run  from  the  store  to  the  man- 
hole at  Fourth  Street  and  Avenue  B.  for  use  in  case  of  trouble 
on  the  regular  feeder. 

This  completes  all  of  the  feeders  for  the  entire  distribution 
system  and  the  next  step  is  to  design  the  110-220  volt  secondary 
lighting  mains. 

220-VoLT  Secondary  Lighting  Mains 
The  secondary  mains  for  lighting  are  to  be  operated  on  a  single- 
phase,  three-wire,  110-220-volt  system  and  the  load  should  be 
divided  as  evenly  as  possible  between  the  three  phases.  There 
are  many  different  arrangements  of  dividing  the  load  and  it  is 
advisable  to  try  several  methods  before  deciding  which  is  the 
most  suitable.         o 

In  designing  this  system  it  is  desirable  to  arrange  the  circuits 
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so  that  as  few  transformers  as  possible  will  be  required,  in  order 
to  save  space  in  the  vaults,  save  transformer  investment,  and  to 
get  the  benefit  of  operating  as  large  units  as  possible. 

By  arranging  the  mains  so  that  only  one  phase  is  distributed 
from  each  vault  the  nimiber  of  fuses,  switches,  junction  boxes 
and  other  electrical  equipment  is  reduced  to  a  minimum.  This 
not  only  reduces  the  cost  but  saves  space  which  is  frequently 
of  vital  importance  in  underground  vaults. 

The  load  in  this  district  is  fairly  high  and  the  blocks  are  about 
350  ft.  long,  and  as  practically  every  building  has  to  be  supplied 
it  is  evident  that  by  locating  the  transformers  at  street  inter- 
sections they  can  supply  the  load  in  four  directions. 

Fig.  8  shows  the  110-220-volt  lighting  mains  and  from  which 
feeder  they  are  supplied.  Where  mains  extend  from  manhole  to 
manhole  they  should  terminate  in  junction  boxes  at  each  end, 
fusing  the  ends  from  which  they  are  supplied  and  leaving  the 
fuses  out  at  the  other  end,  to  prevent  crossing  the  phases.  In 
case  of  trouble  it  is  then  possible  to  supply  any  main  from  either 
end  by  simply  changing  the  direction  of  supply. 

Referring  to  Table  III  in  the  sununary  of  the  lighting  load  it 
will  be  seen  that  the  load  is  fairly  well  balanced  on  the  feeders 
and  that  the  load  on  each  phase  is  nearly  equal.  This  division 
of  the  load  is,  of  course,  based  on  the  connected  load  and  in  the 
absence  of  actual  data  on  the  operating  conditions  is  the  only 
basis  from  which  to  work.  After  the  system  is  in  operation,  or 
rather  as  the  loads  are  being  connected  it  is  possible  to  alter 
these  first  plans  so  that  a  better  balance  can  be  obtained. 

When  installing  an  underground  system  it  is  advisable  to  make 
rules  governing  the  size  of  load  that  is  to  be  supplied  by  a  two 
wire  service.  About  1300  watts  is  as  large  a  load  as  should  be 
supplied  by  a  110- volt  two-wire  service  in  a  business  district. 
All  loads  in  excess  of  this  should  have  three-wire  services.  It  is 
advisable  to  install  three  service  cables  to  all  consumers  as  this 
will  permit  making  changes  easily  when  it  is  necessary  to  do  so  to 
balance  the  load. 

The  secondary  mains  for  this  system  will  be  two  single-con- 
ductor cables  for  the  outers  and  a  bare  neutral,  and  the  service 
cables  will  be  three  single-conductor  cables. 

The  size  of  mains  was  calculated  in  the  usual  manner,  and  in 
practically  every  place  where  200,000-cir.  mil  mains  are  shown 
on  the  plan,  it  will  be  found  that  No.  2/0  cable  would  carry  the 
present  load,  but  in  a  district  such  as  this  one  it  is  not  advisable 
to  install  any  main  of  less  than  200,000  cir.  mils. 
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Where  the  mains  on  both  sides  of  a  street  are  supplied  from 
the  same  phase  and  are  tied  together  at  the  next  manhole  it  is 
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advisable  to  use  the  same  size  cable  for  both,  regardless  of  the 
load  on  each,  so  that  the  main  can  be  supplied  from  either  end  in 
case  of  necessity. 
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TABLE  III— SUMMARY  OP  LIGHTING  LOAD 


Feeder  No.  1 

Block 

PhaaeA 

Phase  B 

Phase  C 

No.     1 

1. 

2 

21. 

3 

30. 

7 

34. 

8 

64. 

25. 

9 

62. 

13 

15.6 

14 

69. 

66. 

21. 

15 

54.5 

72. 

19 

28. 

20 

19. 

83. 

21 

56. 

241.5 

238. 

232. 

Feeder  No.  2 

No.     4 

19.6 

9 

55. 

10 

67. 

84. 

11 

23. 

15 

37. 

16 

144. 

87. 

25. 

17 

96. 

21 

1.5 

22 

10. 

53. 

23 

100. 

234. 

244. 

274. 

Feeder  No.  3 

No.     5 

23. 

6 

21. 

11 

137. 

88. 

12 

107. 

87. 

17 

54. 

6. 

18 

28. 

48. 

82. 

23 

24 

54. 

24. 

6th  St. 

36. 

239. 

2. 

225. 

233. 

SUMMARY 

Feeder 

Phase  A. 

Phase  B. 

Phase  C 

Total 

No.  1 

241.5 

238. 

232. 

711.5 

No.  2 

234. 

244. 

274: 

752. 

No.  3 

225. 

239. 

233. 

097. 

700.5 

721.0 

739.0 

2160.0 
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The  phases  have  been  referred  to  as  i4,  JB  and  C  and  while 
this  is  the  common  practise  a  better  method  is  to  distinguish  the 


phases  by  colors,  and  paint  the  cables  of  each  phase  a  different 
color,  this  method  of  marking  the  phases  will  prevent  mistakes 
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in  making  connections  as  only  cables  of  like  color  should  be 
connected  together. 

The  bare-neutral  network  is  shown  in  Fig.  9  and  is  the  same 
siize  as  the  outers  wires  shown  in  Fig.  8.  Bare  cable  has  been 
selected  for  the  neutral  in  this  system,  but  this  is  a  matter  that 
should  be  decided  by  the  engineer  for  each  particular  system. 

2200- Volt  Secondary  Lighting  Feeders 
The  cables  for  this  system  can  be  either  two-  or  three-con- 
ductor.    While  the  lighting  load  is  single-phase,  still  it  is  neces- 
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sary  to  divide  it  between  the  three  phases,  therefore,  the  three- 
conductor  cable  has  been  selected  so  that  all  three  phases  are 
available  at  each  transformer  vault. 

The  following  rules  for  calculating  the  temperature  rise  in 
three-phase  feeders  supplying  one  or  more  single-phase  loads 
were  devised  by  Mr.  R.  W.  Atkinson  and  are  given  here  with  his 
permission. 

Rule  1.  A  single-phase  load  applied  between  two  of  the  phases 
of  a  three-phase  circuit  (Fig.  10)  is  equivalent,  insofar  as  the 
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Fig.  12  Fig.  13 


maximum  temperature  rise  is  concerned,  to  a  balanced  three- 
phase  load  50  per  cent  greater. 

Rule  2.  If  two  single-phase  loads,  of  equal  magnitude,  are 
applied,  one  between  phases  A  and  B  and  one  between  A  and  C, 
(Fig.  11)  the  maximum  temperature  rise  is  the  same  as  for  a 
balanced  three-phase  load  25  per  cent  greater. 

Rule  3.  If  various  single-phase  loads  are  applied  between  the 
various  phases  of  a  three-phase  circuit  (Fig.  12),  the  resulting 
load  can  be  considered  to  be  a  combination  of  the  two  conditions 
just  mentioned  and  9,  balanced  three-phase  load. 
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Referring  to  Fig.  13,  and  applying  these  rules  the  following 
result  is  obtained: 

Phase       A'B       B-C.        A-C 

Load. . . . 50  kw.    100  kw.   80  kw.  =  230  kw. 

Subtract.50     **      60     "    60     *'  =  160    '' three-phase  load  at -^ 


60     "    30     " 

Subtract.  30     '*    30     ''  =    76    "   (60  X  1.25) 


20     *'  =    30    '*   (20  X  1.50) 

265  kw. 

Fig.  14  shows  the  secondary  lighting  feeders  using  threer 
conductor  cable.  The  load,  size  of  transformers  and  the  phase 
from  which  they  are  supplied  are  marked  at  each  feeding  point. 

Fig.  15  shows  two-conductor  single-phase  feeders  supplying 
this  same  system  and  the  sizes  shown  on  the  plan  are  based  on 
70  per  cent  demand  and  as  this  system  is  used  exclusively  for 
lighting  the  power  factor  has  been  taken  at  100  per  cent.  It  will 
be  seen  that  this  system  requires  approximately  2000  ft.  more 
conduit  than  the  system  shown  in  Fig.  14,  and  the  approximate 
difference  in  cost  of  the  two  cable  systems  is  as  follows: 

No.  6  three-conductor  cable  4800  ft.  at  $160.00..  .$  768.00 
No.  2     "  '*  "    1200'*    "     340.00...     408.00 


$1176.00 


No.  6  two-conductor  cable    7200  ft.  at  $100 .  00. . .  $  720 .  00 
No.  2  *'  ''  *'  800  "    "     204.00...     163.00 


$  883.00 


This  is  a  difference  of  $293.00  in  favor  of  the  two-conductor 
cables  on  the  cable  alone,  but  if  the  additional  conduit  is  con- 
sidered it  will  be  seen  that  the  three-conductor  cable  is  not  only 
the  cheapest  but  the  better  system  to  install. 

There  is  another  point  to  be  considered  in  selecting  the  three- 
conductor  cable ;  the  sections  will  be  in  comparatively  long  lengths 
and  if  replaced  by  larger  cable  at  any  time  the  old  cable  can  be 
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used  in  other  places,  even  on  the  power  system,  while  if  two- 
conductor  cable  were  used  it  would  be  available  only  for  the 
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lighting  system  and  would  be  an  additional  type  of  cable  to  keep 
on  hand. 
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As  the  three-conductor  cable  will  require  less  conduit,  and  be 
available  for  use  on  either  system  it  is  advisable  to  select  it  for 


these  feeders,  as  the  system  will  be  more  flexible  than  if  two- 
conductor  cable  were  used. 
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The  size  of  transformers  is  shown  at  each  feeding  point  and  is 
based  on  70  per  cent  demand  factor  as  follows: 

Summary. 
Connected  70  per  cent  Transformer 

Feeder  load  demand  capacity 


No. 

1 

715  kw. 

500  kw. 

676  kw. 

<i 

2 

753 

II 

627 

600 

II 

II 

3 

697 

II 

488  " 

520 

II 

2166     "  1616     "  1695     " 

The  total  connected  load  is  2165  kw.  and  the  transformer 
capacity  is  1695  kw.,  or  78  per  cent.  This  is  not  an  excessive 
amount  for  a  commercial  district  and  it  is  doubtftd  if  a  much 
better  arrangement  cotdd  be  made  imder  the  conditions  assimied 
in  these  plans. 

It  must  be  remembered  that  plans,  such  as  these,  are  made  a 
long  time  before  the  work  is  actually  done  and  are  simply  for 
estimating  the  cost  of  the  system  and  are  subject  to  final  revision 
when  the  system  is  being  installed.  Owing  to  the  fact  that 
usually  the  grouping  of  the  consumers  on  the  new  tmderground 
system  will  be  entirely  different  from  what  they  were  on  the  over- 
head system,  the  demand  factor  can  only  be  estimated,  and  as  the 
new  system  is  "cut  over"  gradually  there  is  ample  opportunity 
to  select  the  size  of  transformers,  balance  the  loads  and  get 
satisfactory  restdts. 

Conduit  System 

The  first  thing  necessary  in  designing  a  conduit  system  is  to 
determine  the  number  of  ducts  to  be  installed  on  each  street  and 
this  can  best  be  done  by  making  a  tabtdation  as  shown  in  Table 
IV  this  will  show  definitely  the  actual  number  of  ducts  required 
and  the  proper  number  of  spare  ducts  can  then  be  added. 

The  system  under  consideration  is  for  distribution  purposes 
only  and  will  consist  of  trunk  ducts  on  the  bottom,  running  from 
manhole  to  manhole,  and  distribution  ducts  on  the  top  which 
pass  through  all  of  the  intermediate  handholes  or  service  boxes. 

The  feeders  will  all  be  placed  in  the  lower  ducts  and  the 
secondary  mains  for  the  lighting  and  power  system,  and  the 
street  light  cable  will  be  in  the  distribution  ducts. 

Provision  must  be  made  for  the  following  cables  in  the  dis- 
tribution ducts. 
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1  Three-conductor  power  main. 

2  Single-conductor  lighting  mains  (Outers). 
1  Bare  neutral  for  lighting  system. 

1  Street  light  cable  (Two  in  some  places,  but  they  will  be  in 
one  duct). 

If  separate  ducts  were  used  for  each  cable  it  would  require 
6  ducts  on  the  top  tier,  this  is  a  bad  arrangement  because  it 
would  increase  the  cost  of  the  system,  as  the  width  of  the  trench 
would  be  about  29  in.  using  3.5  in.  conduit.  The  best  arrange- 
ment would  be  to  place  one  of  the  lighting  mains  and  the  neutral 
in  one  duct  and  install  the  conduit  four  ducts  wide,  which  would 
require  a  trench  about  24  in.  wide. 

By  using  four  ducts  for  distribution  it  is  possible  to  lay  all  of 
the  conduit  in  multiples  of  four  which  is  a  very  good  arrange- 
ment. On  streets  having  conduit  on  both  sides  it  is  only  neces- 
sary to  lay  four  ducts  on  one  side,  for  distribution,  keeping  the 
main  conduit  on  the  other  side  of  the  street. 

In  systems  where  only  three  ducts  are  required  for  distribution 
it  is  sometimes  advisable  to  use  multiples  of  three  in  laying  the 
conduit  and  thus  make  considerable  saving  in  first  cost.  On  all 
distribution  systems  the  number  of  ducts  wide  should  be  deter- 
mined by  the  ntmiber  of  ducts  required  for  the  distribution  cables. 

In  laying  four  ducts  they  should,  if  the  conditions  will  permit, 
be  laid  two  wide  and  two  high,  in  fact  on  all  conduit  systems, 
except  for  high-tension  cables,  it  is  advisable  to  have  the  conduit 
form  as  near  a  square  section  as  possible  as  this  makes  a  stronger 
structiu'e.  As  far  as  the  subsurface  conditions  will  permit  it  is 
advisable  to  use  a  multiple  of  the  distribution  ducts  as  the  num- 
ber to  install  in  one  trench. 

The  conduit  plan  must  show  the  point  at  which  all  laterals  en- 
ter the  buildings  and  the  location  of  the  street  lights  so  that  the 
service  boxes  can  be  located  to  the  best  advantage,  the  exact  loca- 
tion, of  cotu*se,  depending  on  the  substirface  conditions. 

Fig.  16  shows  the  conduit  arrangement  for  this  system  of  dis- 
tribution and  is  based  on  the  tabulation  shown  in  Table  No.  IV. 
To  avoid  confusion  there  is  only  one  lateral  shown  entering  each 
building  but  there  should  be  two  wherever  power  is  to  be  supplied. 

The  size  and  location  of  the  service  boxes  should  be  determined 
by  the  ntmiber  of  mains  passing  through  them,  the  number  of 
services  that  it  is  permissible  to  splice  on  a  main  at  one  service 
box,  and  the  available  space  for  locating  them.  Long  laterals 
are  expensive  and  require  larger  service  cables,  and  it  should  be 
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remembered  that  to  make  a  neat  splice  not  more  than  two  three- 
conductor  services  can  be  taken  from  a  main  in  one  splice. 


Where  the  mains  are  single  conductor  it  is  possible  to  take  out 
four  service  cables  from  one  splice. 

On  a  system  such  as  is  considered  here  the  service  boxes  should 
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TABLE  IV.— SUMMARY  OP  CONDUIT 
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be  about  3  ft.  by  4  ft.  and  the  depth  will  depend  on  the  grade  of 
the  conduit,  as  the  top  tier  of  ducts  must  enter  the  service  box. 
For  the  purpose  of  estimating,  it  may  be  stated  that  on  a  system 
of  this  kind  that  the  average  depth  of  service  boxes  will  be  from 
36  to  40  inches. 

Where  subway  junction  boxes  and  other  electrical  equipment 
must  be  placed  in  manholes,  this  fact  must  be  taken  into  con- 
sideration in  determining  the  size  of  the  manholes,  but  in  a  system 

TABLE  V—SIZE  OF  CABLE  FOR  LATERALS.  INDIVIDUAL  CONSUMERS  LOADS 


For  Powkr 

Load 

Ntimbcr  of  Consumers 

Sise  of  Cable 

0  to  10  kw. 
11   "20    " 
21   "40    " 

02 

29 

8 

139 

3  Conductor  No.  6 
"     4 
1/0 

For  Lighting 

0  to  10  kw. 
U   "  16  " 
16  "35  " 
36  "65  " 

168 
48 
30 

4 

250 

3  Single  Conductor  No.  6 

i«              t<                                ••                           ti     A 

••       "              ••            ••  1/0 
..      ..              ..            ..  4/0 

Assume  that  laterals  will  average  60  ft.  long  each  and  that  three-conductor  cable  is  used 
for  aU  power  laterals  and  three  single-conductor  cables  for  the  lighting  consumers,  there- 
fore each  lighting  lateral  will  require  180  ft.  sf  cable. 


where  transformer  vaults  are  built  the  manholes  need  only  be 
large  enough  to  permit  training  the  cables  properly. 

Where  electrical  equipment  is  to  be  installed  in  manholes  it 
is  advisable  to  build  them  with  square  corners  as  this  space  is 
frequently  very  desirable. 

If  possible,  transformer  vaults  should  be  located  under  the 
sidewalk  (Fig.  17)  and  on  the  same  side  of  the  street  as  the  main 
conduit.  By  locating  the  vaults  under  the  sidewalk  there  is  less 
liability  of  damage  from  being  flooded,  also  they  can  be  more 
easily  entered  in  the  winter  when  the  ground  is  covered  with  ice 
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and  snow.  All  covers  to  manholes,  or  vatdts,  under  the  side- 
walk shotdd  be  filled  with  cement  to  match  the  color  of  the  walk 
and  also  prevent  pedestrians  from  slipping  on  them. 

In  many  of  the  old  systems,  where  a  large  number  of  ducts 
were  laid  in  one  trench,  the  manholes  were  entirely  too  small  to 
permit  the  cables  being  properly  trained  in  them.  In  a  small 
system,  such  as  this  one,  large  manholes  are  not  required,  as  it  is 
proposed  to  locate  the  transformers  in  vaults  and  have  only  the 
cables  and  secondary  junction  boxes  in  the  manholes. 

By  locating  the  transformers  and  the  2300-volt  equipment  in 
the  vaults  and  the  low-tension  junction  boxes  in  the  manholes 
there  is  less  liability  of  a  burnout  damaging  the  secondary  net- 


PlG.  17 

work,  also  the  mains  are  shorter,  and  less  conduit  is  required 
between  the  vaults  and  manholes. 

Fig.  18  shows  a  typical  arrangement  of  conduit  and  manholes 
at  a  street  intersection,  each  duct  between  manhole  A  and  B  is 
ntmibered  to  correspond  with  the  ducts  leaving  manhole  B, 

Owing  to  the  obstructions  usually  encountered  at  street  inter- 
sections, it  is  generally  necessary  to  build  two  manholes,  but 
where  the  grade  of  the  conduit  can  be  maintained  across  the  street 
it  is  only  necessary  to  have  a  service  box  on  one  side,  deep  enough 
to  take  the  two  top  tiers  of  ducts. 

If  the  secondary  junction  boxes  are  installed  in  the  vaults  it 
will  be  necessary  to  have  18  ducts  between  the  manholes  and 
vaults^as  follows: 
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1  Power  feeder. 
1  Lighting  feeder. 
1  Emergency  feeder. 
6  Power  mains. 
6  Lighting  mains. 

1  Ornamental  street  light  (may  be  required). 

2  Spare  ducts. 

While  it  will  not  require  six  ducts  each  for  power  and  lighting 
mains  in  all  csises  at  present,  still  provision  should  be  made  for 
this  nimiber  eventually. 

In  making  the  estimate  for  this  system  the  following  figures 
will  be  taken  as  being  fairly  accurate. 

All  service  laterals  will  consist  of  two  ducts  and  will  average 


m 


m 


Fig.  18 — Arrangement  of  Conduit  and  Manholes  at  Street  Inter- 
section 

20  ft.  long  from  the  trench  to  the  property  line,  on  streets  where 
there  are  two  lines  of  conduit,  and  30  ft.  long  on  streets  having 
but  one  line  of  conduit. 

Street  light  laterals  10  ft.  from  trench  to  lamp  pole,  the  lights 
in  the  alleys  having  a  single  fibre-duct  lateral  180  ft.  long. 

Street  crossings  and  the  distance  from  manholes  to  vaults  are 
30  ft.  each. 

A  vault  is  shown  at  the  station  and  is  frequently  required  in 
large  systems,  but  in  a  system  of  this  size  it  is  very  probable  that 
the  conduit  could  enter  the  basement  of  the  station  at  the  most 
convenient  point  for  the  various  systems. 

The  size  of  the  transformer  vaults  will  depend  on  the  amount 
of  equipment  that  is  to  be  installed  in  them.     For  this- estimate 
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it  will  be  asstimed  that  the  three  vaults  at  the  centers  of  distri- 
bution are  10  by  15  by  8  ft.  and  all  other  vaults  10  by  12  by  8  ft. 
As  this  district  is  to  be  extended  later  and  will  probably  require 
larger  transformers  when  the  load  increases,  it  is  advisable  to 
make  the  manholes  as  small  as  possible  and  allow  sufficient  room 
in  the  vaults  to  permit  installing  the  equipment  in  a  neat  and 
workmanlike  manner  and  have  sufficient  room  for  operating  it 
safely. 

The  transformer  capacity  that  can  be  installed  in  a  vault  with- 
out providing  special  ventilating  facilities  will  depend  on  the 
operating  conditions.  For  transformer  capacities  not  exceeding 
200  kw.,  under  favorable  conditions,  3.6  to  4.0  cubic  feet  of  vault 
space  per  kw.  will  permit  safe  operation;  these  figures  correspond 
fairly  well  with  the  rule  for  allowing 
8  watts  transformer  losses  per  square 
foot  of  radiating  stirface  in  the  vault, 
figuring  the  sides  and  ceiling  as 
follows: 

Assume  four  60-kw.  transformers 
installed  in  a  vault  10  ft.  by  10  ft. 
and  7  ft.  high.  A  60-kw.  subway 
transformer  has  240  watts  core  loss 
and  660  watts  copper  loss,  or  a  total 
of  790  watts  and  four  such  trans* 
formers  will  have  3160  watts  loss.  A 
vault  10  by  10  by  7  ft.  contains  700 
cubic  feet  and  has  380  square  feet  of 
radiating  surface,  counting  the  walls  and  ceiling. 

Allowing  3.6  cubic  feet  per  kw.  this  would  give  exactly  700 
cubic  feet  required,  which  is  the  size  of  the  assumed  vault.  Ap- 
plying the  rule  of  8  watts  loss  per  ft.  of  radiating  surface  the 
result  is  8  X  380  or  3040  watts,  which  corresponds  very  closely 
with  the  first  estimate. 

The  above  losses  are  based  on  the  assumption  that  the  trans- 
formers are  fully  loaded  but  in  a  large  distirbution  system  where 
the  transformers  serve  both  lighting  and  power  loads  this  is 
seldom  the  case  as  the  maximum  lighting  and  power  loads  rarely 
occur  at  the  same  time,  and  the  overlap  of  these  demands  is 
usually  of  such  short  diu-ation  that  no  serious  rise  in  temperature 
results  from  this  cause. 

The  above  method  can  be  used  to  calculate  the  size  of  vaults 
for  a  given  transformer  capacity  not  exceeding  200  kw.,  still  it  is 
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always  necessary  to  allow  sufficient  space  to  properly  install  and 
operate  the  equipment  in  the  vault. 

In  installing  transformers  in  vaults  it  is  advisable  to  have  them 
raised  above  the  floor,  and  if  possible  mounted  on  two  or  three 
I  beams  as  this  permits  the  air  to  circulate  all  around  them. 
(See  Fig.  19.)  It  is  a  good  plan  to  have  a  thermometer  in  each 
vault  and  keep  a  record  of  the  temperature  as  a  guide  to  the 
actual  conditions.  Where  this  is  done  the  thermometer  should 
be  noted  immediately  on  entering  the  vault  before  the  air  has  a 
chance  to  cool;  in  taking  the  temperature  of  the  transformers  the 
thermometer  should  be  placed  at  the  oil  level  of  the  transformers. 

Having  determined  the  general  arrangement  of  the  conduit 
system  the  next  step  is  to  select  the  most  suitable  location  in  the 
streets  for  installing  it.  In  order  to  plot  the  location  of  sewers, 
pipes  and  other  obstructions  it  is  necessary  to  prepare  a  map  of 
each  street  and  alley  on  a  scale  of  about  20  ft.  to  the  inch. 

Records  of  substirface  conditions  are  usually  far  from  accurate, 
but  by  getting  the  location  of  all  gates,  covers,  etc.  visible  on  the 
surface  of  the  streets  it  is  frequently  possible  to  prepare  a  very 
fair  plan  of  the  actual  conditions.  All  existing  manholes  should 
be  entered  and  measured  and  they  should  be  laid  out  accurately 
on  the  plan,  allowing  for  the  thickness  of  the  walls,  as  getting  the 
new  conduit  by  existing  manholes  is  frequently  one  of  the  most 
difficult  points  in  conduit  construction. 

It  is  a  good  plan  to  make  two  sets  of  these  large  scale  street 
maps,  one  showing  the  obstructions  and  the  other  one  to  show  the 
new  system  exactly  as  it  is  instsilled  for  future  reference.  These 
latter  drawings  should  be  made  on  cloth  backed  drawing  paper 
and  can  be  kept  in  rolls,  and  all  additions  and  changes  should  be 
entered  on  them  when  made,  giving  the  date  and  all  details  of  the 
work. 

Manholes  are  built  of  brick  or  concrete,  except  in  special  cases 
there  is  little  difference  in  the  cost.  In  streets  where  the  space 
is  limited  and  many  obstructions  are  encountered  it  is  cheaper  to 
build  brick  manholes,  but  in  residential  sections,  or  for  high-ten- 
sion systems,  it  is  frequently  cheaper  to  build  concrete  manholes 
when  a  standard  form  can  be  used. 

In  locating  and  building  manholes  every  effort  should  be  made 
to  avoid  any  pipes  passing  through  them,  it  is  frequently  possible 
to  change  pipes  or  cut  them  around  the  manhole  and  this  should 
be  done  if  permitted. 

The  service  boxes  should  be  built  pi  brick  as  owing  to  their 
difference  in  depth  a  standard  form  can  not  be  used  to  advantage. 
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Vaults,  where  built  under  the  sidewalk,  should  be  of  concrete 
and  have  suitable  ventilating  pipes  extending  up  the  side  of 
buildings  or  adjacent  poles.     There  should  be  one  pipe  located 


low  at  one  end  of  the  vault  and  one  located  high  at  the  other  end 
and  care  should  be  taken  not  to  locate  transformers  directly 
under  the  ventilating  pipes. 
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Fig.  20  shows  the  usual  arrangement  of  manholes  and  vaults. 

Owing  to  the  increase  in  weight  of  automobile  trucks  it  is  very 
important  that  all  casting  be  made  much  heavier  than  was  done 
formerly.  The  castings  should  be  inspected  at  the  foimdry,  or 
before  being  placed,  to  see  that  the  covers  set  firm  and  solid  in 
the  seat  of  the  casting.  No  loose  or  uneven  covers  should  be 
permitted  for  no  amount  of  chipping  or  grinding  will  make  them 
satisfactory. 

Single  cover  castings  are  advisable  and  they  should  have  ven- 
tilating holes  in  the  covers  for  the  manholes  but  the  service  box 
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Fig.  21 — Manholb  Casting 


Fig.  22 — Handholb  Casting 


castings  should  be  imventilated,  Fig.  21  and  22  show  castings  for 
manhole  and  service  box  respectively. 

If  possible,  it  is  advisable  to  locate  the  conduit  about  five  feet 
from  the  curb  so  as  to  keep  the  service  box  covers  out  of  the  gutter 
and  if  possible  locate  the  conduit  outside  of  the  gas  and  water 
main  as  it  will  not  then  be  necessary  to  sandwich  the  conduit 
around  the  service  pipes  for  those  systems. 

All  vaults  and  manholes  having  electrical  equipment  in  them 
should  be  connected  with  the  sewer  and  the  floors  should  be 
sloped  in  all  directions  to  the  sewer  outlet. 

Cable  racks  should  not  be  placed  tmtil  the  cable  is  being  in- 
stalled, except  on  high-tension  systems  where  the  arrangement 
of  the  cables  will  be  uniform  in  all  manholes. 
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When  building  vaults,  or  manholes  where  transformers  are  to 
be  installed,  it  is  advisable  to  install  a  suitable  ground  connection 
at  the  time  of  construction,  a  ground  cone,  or  one-in.  galvanized 
pipe  should  be  used  if  it  is  not  possible  to  connect  to  the  water 
pipe  system,  but  whatever  kind  of  ground  is  decided  on  care  must 
be  taken  to  make  it  permanent  and  reliable,  for  large  vaults  it  is 
advisable  to  install  two  ground  connections. 

The  conduit  as  laid  out  in  Fig.  16  is  the  usual  method  adopted 
in  systems  of  this  kind.  There  is,  however,  another  method  that 
can  be  adopted  in  some  cases  which  will  permit  a  very  material 
saving  in  conduit  and  should  be  given  serious  consideration  where 
the  geographical  arrangement  of  the  city  permits. 

Take  this  same  district,  and  referring  to  Fig.  16,  install  twelve 
ducts  on  each  side  of  3rd  Street  from  the  station  to  Avenue  A., 
and  make  the  main  conduit  line  east  and  west  on  Avenue  A., 


Pig.  23 — Ordinary  Arrange- 
ment OF  Manhole 


Fig.  24 — Proposed  Arrange- 
ment OF  Manhole 


and  run  all  feeders  over  this  route  branching  them  off  at  the 
north  and  south  streets,  as  1st,  2nd,  etc.,  this  would  permit  reach- 
ing every  distribution  point. 

On  such  streets  as  Avenue  B.  and  C.  it  would  only  be  neces- 
sary to  install  four  ducts  on  each  side  of  the  street  for  distribution 
this  would  make  a  saving  of  approximately  17,000  ft.  of  conduit 
on  those  streets  but  it  would  be  advisable  to  add  more  conduit 
on  Avenue  A. 

Possibly  a  modification  of  this  plan  would  be  better,  that  is, 
to  make  the  main  conduit  lines  on  Avenue  A.  and  on  3rd  Street, 
the  saving  would  probably  be  about  10,000  ft.  If  later  a  sub- 
station were  to  be  installed  to  feed  other  sections  of  the  city  this 
plan  would  be  very  desirable  as  it  is  only  necessary  to  have  ducts 
on  the  avenues  sufficient  to  provide  space  for  the  distribution 
cables  and  street  light  system. 
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Subway  Junction  Boxes 
When  the  load  in  a  district  is  supplied  by  a  low-tension  net- 
work it  is  necessary  to  supply  facilities  for  fusing  and  disconnect- 
ing the  mains.  When  the  low-tension  network  is  supplied  by  low- 
tension  alternating-  or  direct-current  feeders  this  is  a  simple 
matter  but  where  a  low-tension  network  is  supplied  by  subway 
transformers  the  conditions  are  more  complicated  and  additional 
equipment  is  necessary  to  insiu-e  reliable  service,  as  both  the 
primary  and  secondary  systems  must  have  protective,  sectional- 
izing  and  switching  facilities.  Where  the  power  and  lighting 
load  are  supplied  separately  this  practically  doubles  the  equip- 


2300  Volt-3  phMe  Station  But 

Pig.  26 — Diagram  of  Equipment  in  Vault 

ment  and  space  required,  and  greatly  increases  the  cost  of  the 
system. 

Fig.  25  shows  the  method  of  protecting,  sectionalizing  and 
switching  tised  on  the  lighting  and  power  systems;  it  is  a  diagram 
of  what  would  be  necessary  in  one  of  the  vaults,  the  one  chosen 
for  illustration  being  the  vault  at  Avenue  B.  and  Fourth  Street. 

It  will  be  seen  in  case  of  trouble  on  one  of  the  regular  lighting 
or  power  feeders  that  the  load  can  be  switched  over  to  the  emer- 
gency feeder.  Should  one  of  the  secondary  feeders  fail  it  would 
cut  off  the  supply  to  all  of  the  transformers  connected  to  it,  but 
by  disconnecting  these  transformers  from  the  network  and  con- 
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necting  this  portion  of  the  network  to  other  phases  (by  putting 
the  fuses  in  at  the  several  junction  boxes)  the  system  could  be 
operated  temporarily  even  though  greatly  unbalanced. 


3  Cond  r  Main 


Brass  Hozik 


Single  Conductof 
Secondary  Cabfei 
from  Tr3n$ formers 


Fig.  26 — Three-Phase  Junction  Box — For  Power 

If  greater  security  were  desired  it  would  be  necessary  to  install 
''tie  feeders"  as  shown  by  the  dotted  line  on  Second  Street,  in 
Fig.  6. 


^  P>Single  Cond'r  Main 
f^^  Joint 


Brass  Nozzle 


i  Single  Conductor 
LSecondary  Cables 
from  Transformers 

Fig.  27 — Two- Wire — 220- Volt  Junction  Box — For  Lighting 

The  mains  are  protected  by  fuses  at  each  end  and  in  case  of 
trouble  on  them,  or  the  house  services,  would  be  cut  off  auto- 
matically; where  there  are  mains  on  both  sides  of  the  street  the 
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number  of  consumers  affected  in  case  of  trouble  is  considerably 
reduced.  The  fuses  on  the  mains  should  be  heavy  enough  to 
carry  at  least  50  per  cent  more  current  than  the  normal  carrying 
capacity  of  the  mains,  as  it  is  not  desirable  to  have  the  fuses 
blow  out  except  in  case  of  serious  trouble. 

It  will  be  noticed  that  in  Fig.  25  only  three  fuses  are  shown  on 
the  primary  side  of  the  power  transformers.  In  actual  practise, 
where  fuses  are  used  on  the  primary  side,  it  is  better  to  install  two 
fuses  for  each  transformer.  There  is  considerable  difference  of 
opinion  among  engineers  as  to  the  advisability  of  installing  any 
fuses  on  the  primary  side  of  subway  transformers  as  they  gener- 


FiG.  28 


ally  cause  more  trouble  than  their  protection  is  worth,  but  as  it  is 
advisable  to  have  some  point  where  the  transformers  can  be  easily 
disconnected  from  the  feeders  it  is  a  good  plan  to  install  the  fuse 
boxes  and  use  fuses  having  100  per  cent  greater  carrying  capacity 
than  is  required  to  protect  the  transformer  and  then  trust  to  the 
station  circuit  breaker  to  disconnect  the  feeder  in  case  of  serious 
trouble. 

Assiuning  that  the  system  is  to  be  installed  as  shown  in  Pig. 
25,  the  subway  junction  boxes  shown  would  provide  facilities  for 
disconnecting  and  fusing  the  various  mains.  The  junction  boxes 
for  the  lighting  system  would  be  fitted  for  single-conductor  cable 
and  those  for  the  power  system  for  three-conductor  cable. 
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Owing  to  the  fact  that  there  are  so  many  different  systems  in 
tise  there  is  no  standard  type  of  junction  box  that  can  be  speci- 
fied, and  it  is  generally  necessary  to  design  boxes  for  each  system 
to  meet  the  conditions.  In  tmderground  work  there  is  probably 
no  part  of  the  system  that  is  more  liable  to  cause  trouble  than 
are  the  junction  boxes;  this  is  not  always  due  to  defects  in  the  box 
but  to  careless  work  in  installing  it  or  not  properly  closing  the 
cover. 

Pig.  28  shows  a  type  of  junction  box  that  is  well  suited  for 
subway  installation,  it  is  placed  near  the  top  of  the  manhole  and 
the  cables  all  enter  it  from  the  bottom,  it  is  practically  certain 
that  a  box  of  this  type  will  never  get  flooded  as  the  water  would 
not  rise  above  the  conduit  unless  the  entire  system  got  flooded 
which  is  very  unhkely. 

When  the  fuses  on  a  transformer  blow,  its  load  is  transferred  to 
the  adjacent  transformers  and  they  become  overloaded  and  their 
fuses  blow.  This  is  a  serious  matter  as  this  condition  usually 
occurs  at  the  most  inconvenient  time,  and  where  additional 
sectuity  is  warranted  it  is  advisable  to  install  the  "alternating- 
current  network  protector." 

Having  completed  the  designs  for  all  of  the  various  systems  it 
is  only  necessary  to  scale  off  the  amount  of  material  from  the 
plans  and  tabulate  the  equipment,  as  specified  in  the  text  or  from 
the  plans.  Space  will  not  permit  giving  these  various  estimates 
completely  but  the  following  samples  will  show  the  method  to 
be  adopted. 

Conduit  System 

Conduit  in  main  trench 139,500  ft. 

Trench  feet 17,145  " 

Conduit  for  laterals  in  main  trench 4,110  " 

Conduit  for  laterals  run  separate 10,650  " 

All  conduit  used  for  laterals  to  be  3-in.  fibre. 

Manholes 37  " 

Handholes 108  " 

Vaults  10  by  12  by  7  ft 15  " 

Vaults  10  by  15  by  7  ft 3  " 

Sewer  Connections 18  " 

Three-Phasp  Power  System 

2300- volt  three-condr.  Cable  No.  2/0 3,700  ft.  primary  feeders 

2300-   "         "  "         "       "     4     . . .  1,100  "  "  " 

2300-   "        **  "         "       "6     2,600  " 

220-   "         "  "         "       "     1/0 4,600"    secondary  mains 

220-   "        "  "         "       "4     12,700 "  "  " 
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220-   "         '•            "        •*       "6     6.620"    laterals 

220-   "        "            "        '*      "4     1,740 "          " 

220-   "        "            "         "       "     1/0 480"          " 

25-kw.  transformers 16 

60-   "            "            9 

2300-volt  subway  fuse  boxes 60 

3-pole  single- throw  oil  switches 6 

3-pole  double- throw  oil  switches 3 

6-way  junction  boxes 18 

0      30-ampere  consumers  fuse  boxes 70 

31       60-       "              "           "          "    23 

61     100-       "              "           "          "   27 

101     200-       "              "          "          "   9 

The  other  systems  should  be  handled  in  the  same  manner, 
after  which  the  total  cost  can  be  calculated  and  the  specifications 
prepared. 
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Discussion  on  "Design  of  Underground  Distribution 
FOR  Electric  Light  and  Power  Systems"  (Newton), 
Cleveland,  Ohio,  March  8,  1918. 

A.  A.  Meyer:  The  author's  paper  covers  only  underground 
a-c.  distribution,  but  I  would  like  to  ask  him  if  he  has  any  data 
covering  d-c.  distribution  and  the  relative  merits  of  the  two 
systems.  In  looking  over  the  distribution  systems  of  some  of 
the  largest  operating  companies  we  usually  find  direct  current 
in  the  down-town  or  business  district  where  the  "load  density" 
is  quite  high  and  alternating  current  in  the  surrounding  terri- 
tory where  the  density  is  appreciably  less. 

In  Detroit  we  have  both  d-c.  and  a-c.  distribution  systems 
and  the  load  density  has  been  a  good  reason  for  continuing 
the  d-c.  system  and  expanding  it  to  take  over  the  a-c.  territory 
on  its  border.  But  of  course  there  have  been  some  other  fax:tors 
besides  density  determining  a  change  from  either  one  to  the 
other  system. 

A  comparison  of  load  density  was  made  for  parts  of  the  De- 
troit distribution  systems.  Comparing  the  load  per  sq.  ft.  in 
the  territory  served  by  a  d-c.  substation  with  that  in  a  terri- 
tory served  by  an  a-c.  substation,  it  was  found  that  the  load 
density  in  the  former  was  about  twice  as  great  as  in  the  latter. 
This  comparison  includes  both  power  and  lighting  load.  A  sim- 
ilar comparison  of  lighting  load  only,  showed  the  demand  of 
the  d-c.  system  to  be  about  three  times  as  great  as  the  a-c. 
system  in  comparable  districts.  These  ratios  are  not  applica- 
ble in  all  comparisons  between  d-c.  and  a-c.  systems,  but  they 
bring  out  a  point  of  consideration  in  designing  systems  of  dis- 
tribution 

You  might  be  interested  to  hear  something  about  otir  remote 
controlled  substations  and  the  purpose  they  serve.  These 
substations  are  located  in  our  d-c.  territory  and  are  automatic 
in  the  sense  that  they  have  no  attendant  and  are  controlled 
entirely  by  the  operator  in  a  nearby  and  regular  type  substa- 
tion. They  serve  a  territory  comparatively  remote  from  the 
regular  substation  and  are  usually  connected  to  the  system 
only  during  the  peak  load.  There  are  four  such  substations 
with  a  fifth  going  in,  each  having  a  500-kw.  rotary  converter 
taking  energy  from  a  4600-vplt  feeder  and  delivering  250  volts 
to  the  feeders  tying  in  with  the  street  mains  in  the  immediate 
vicinity.  Without  these  remote  controlled  stations  the  cost  of 
copper  for  long  and  sufficient  size  feeders  from  the  ordinary  sub- 
station (with  attending  operators)  would  be  excessive  and  con- 
siderable beyond  the  cost  of  a  remote  control  station  with 
complete  equipment.  With  the  growth  of  a  city  and  the  ex- 
pansion of  the  d-c.  network,  some  of  these  substations  will 
,  probably  be  discontinued  and  replaced  by  the  regular  type 
substation.  Others,  however,  will  continue  for  a  long  time,  for 
they  are  well  adapted  to  handle  large  concentrated  blocks  of 
power  such  as  required  by  hotels,  large  department  stores  or 
large  shops  located  in  a  d-c.  network. 
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C.  W.  Rakestraw:  The  author  seems  to  have  a  decided 
preference  throughout  his  paper  for  the  use  of  varnished  cam- 
bric or  cloth,  and  he  refers  to  varnished  cambric  or  cloth  all 
the  way  through  his  paper.  He  seems  in  taking  this  position 
to  consider  that  the  cost  of  installation  has  nothing  to  do  with 
it,  that  it  is  a  question  of  safety  and  maintenance,  and  he  goes 
to  varnished  cambric  immediately  and  scarcely  considers  paper. 
In  my  opinion  the  cambric  is  all  right,  except  on  the  question 
of  cost,  and  where  any  of  us  are  held  down  to  a  question  of 
cost,  it  is  practically  out  of  the  question  for  general  cable  systems. 

The  author  says, — **If  three-conductor  cable  was  used  there 
would  be  a  considerable  reduction  in  the  carrying  capacity 
over  single-conductor  cables  (25  per  cent)  also  it  would  not 
be  possible  to  take  more  than  about  two  services  out  of  each 
splice."  For  that  reason,  he  seems  to  favor  single-conductor 
cable  for  his  secondary  mains.  We  have  found  in  oiu*  practise, 
that  is  not  so.  I  know  in  many  cases  where  we  have  had  more 
service  than  that.  We  have  taken  four  or  five  services  out  of 
one  splice.  While  it  is  not  good  practise,  it  can  be  done  if  care 
is  taken  in  the  insulation. 

The  author  speaks  of  a  "bare  neutral"  all  through  his  system. 
Have  any  of  the  underground  men  here  ever  had  experience 
with  bare  neutrals  on  their  systems  ?  If  so,  I  would  like  to  know 
how  that  works  out,  using  the  bare  neutral,  instead  of  the  reg- 
ular insulated  cable. 

The  author  says  in  carrying  the  cable  into  the  vario.us  appli- 
ances—into the  manholes,  I  prestime  he  means — transformers, 
switches  or  service  boxes,  that  varnished  cambric  should  be 
spliced  on  to  the  cable  ends.  I  take  issue  on  that.  Certainly 
in  going  into  the  oil  switches,  which  he  must  have  to  do  fre- 
quently, it  would  be  unwise  to  use  rubber-covered  cable.  It 
will  not  last.  There  is  no  objection  to  using  varnished-cambric 
cable  in  that  case,  whereas  if  you  use  ordinary  varnished  paper 
it  will  not  serve  the  purpose. 

On  our  local  systems  we  have- never  followed  that  practise, 
but  although  it  certainly  would  not  do  any  harm  to  supply 
some  varnished  cambric,  it  again  becomes  a  matter  of  cost. 

The  author  says  several  times  that  he  uses  single-conductor 
cable  for  his  services  on  all  his  two-voltage  system,  his  lighting 
system.  I  would  like  very  much  to  ask  the  author  just  what 
the  idea  is  in  that,  as  long  as  he  is  taking  off  alternating-current 
from  his  mains,  why  he  would  split  that  into  three  single-con- 
ductor cables,  and  whether  he  has  any  trouble  in  doing  that. 
There  is  no  objection  to  using  three-conductor  cable,  and  there 
is  certainly  some  advantage  in  using  it  on  the  score  of  cost. 

The  author  has  given  some  figures  here  as  to  the  assumed 
capacity,  that  is  the  assumed  capacity  of  what  he  calls  the  pri- 
mary feeders  and  secondary  main.  He  says  that  primary  feeders 
should  be  figured  for  60  per  cent  of  the  connected  load,  and  later 
on  he  figures  the  size  of  the  transformers,  and  arrives  at  a  cer- 
tain size  of  transformers  which  he  connects  on  the  system. 
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I  endeavored  to  check  up  in  the  short  time  at  my  disposal 
a  couple  of  the  figures  presented  by  the  author,  and  I  found 
that  those  figures  do  check  fairly  well  with  a  similar  practise 
we  have  here.  We  have  two  feeders,  practically  the  same 
kind  of  system  which  the  author  is  endeavoring  to  portray, 
that  is  an  a-c.  distribution  system,  in  which  we  have  the  feeders 
leading  from  the  substation  to  the  feeding  point,  and  then 
sub-feeders,  or  secondary  feeders,  as  he  calls  them,  leading  along 
the  street  to  the  transformers  and  secondary  mains,  for  the 
distribution  of  the  current.  On  one  of  these  feeders  I  find  that 
with  a  maximtim  demand,  that  is  an  average  maximum  demand, 
covering  the  average  of  ten  or  eleven  maximum  readings,  the 
average  kv-a.  on  this  one  feeder  was  196,  and  the  transformer 
connected  to  that  was  242.  The  transformers  connected  are 
123  per  cent  of  the  demand  on  the  feeders,  and  the  author 
in  his  assumed  case  has  his  transformers  at  about  133  per  cent, 
which  seems  to  check  very  well  with  the  practise  we  have  found 
here.  That  would  seem  to  lead  to  the  assumption,  although 
I  have  not  been  able  to  check  that,  that  the  60  per  cent  he 
assumes  is  qtiite  close  to  being  correct. 

In  his  paper,  where  the  author  speaks  about  transformer 
connections,  he  says:  "There  is  considerable  difference  of  opin- 
ion among  engineers  as  to  the  advisability  of  installing  any 
fuses  on  the  primary  side  of  subway  transformers,  as  they  gener- 
ally cause  more  trouble  than  their  protection  is  worth,  but 
as  it  is  advisable  to  have  some  point  where  the  transformers 
can  be  easily  disconnected  from  the  feeders  it  is  a  good  plan  to 
install  the  fuse  boxes  and  use  fuses  having  100  per  cent  greater 
carrying  capacity  than  is  required  to  protect  the  transformer, 
and  then  trust  to  the  station  circuit  breaker  to  disconnect  the 
feeder  in  case  of  serious  trouble."  On  our  system  we  have 
primary  fuses  on  all  transformers.  We  have  adopted  a  standard 
bank  consisting  of  one  25-kw.  transformer  connected  110-220 
and  a  10-kw.  single-phase  transformer  banked  as  a  teaser,  to 
give  three  phases  on  our  power  work.  The  light  and  power 
are  taken  from  the  same  bank  in  that  way  on  this  system  and 
that  makes  a  standard  bank  of  35  kw.  We  have  on  the  primary 
side  a  15-ampere,  2300-volt  fuse,  and  have  very  little  trouble. 
Occasionally  the  primary  fuse  will  blow,  but  that  is  generally 
due  to  some  trouble  on  the  distribution  system. 

The  secondary  mains  from  each  transformer  are  normally 
connected  separately,  and  there  is  a  box  between  each  set  of 
mains  in  which  the  connecting  bars  are  left  out  to  connect 
up  to  in  order  to  carry  the  mains  from  one  bank  to  the  next 
bank,  or  to  the  bank  on  two  sides,  in  case  of  trouble  in  any 
given  bank.  That  system  has  been  in  operation  for  about 
iour  years,  and  we  have  had  very  little  trouble,  indeed.  I  think 
it  would  be  safe  to  say  that  since  we  have  put  the  system  into 
effect  we  have  not  had  $100  maintenance  cost  on  the  system — 
I  mean  from  added  work  caused  by  trouble,  and  aside  from  the 
ordinary  inspection. 
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H.  L.  Wallau:  I  want  to  supplement  Mr.  Rakestraw's 
remarks  in  regard  to  this  system  by  stating  that  in  the  Trans- 
actions of  the  American  Institute  of  Electrical  Engineers, 
Volume  34,  page  746,  there  is  a  discussion  on  this  particular 
system,  with  a  diagram  of  the  connections  and  type  of  boxes 
used,  which  may  be  of  interest. 

E.  Friedlaender:  Operating .  men  in  the  steel  industry  now 
have  up  the  question,  whether  it  wouldn't  be  advisable  to  put 
transmission  lines  in  the  plants  underground. 

The  main  advantage,  probably,  would  be* absolute  safety 
against  shocks  through  coming  in  contact  with  the  conductors. 
Another  great  advantage  would  be  avoiding  lightning  troubles. 
Would  these  benefits  justify  the  additional  expense? 

There  are  a  few  points,  which  we  must  not  overlook  when 
installing  underground  systems.  We  cannot  overload  under- 
grotmd  cables  as  readily  as  bare  overhead  lines.  Another  point 
of  importance  is  continuity  of  service  especially  when  voltages 
of  22,000  volts  or  over  are  used.  It  would  require  more  time 
to  locate  and  repair  faulty  underground  than  overhead  lines. 

Another  source  of  trouble  in  imderground  systems  is  the 
liability  of  cable  trouble  in  a  manhole  spreading  over  the  whole 
system.  On  overhead  lines,  shorts  or  grounds  are  easily  con- 
fined to  one  line,  as  lines  are  usually  spread  far  enough  apart. 

The  question  of  insulation  of  underground  cable  is  a  vital 
one.  Paper  is  the  cheapest  and  probably  is  good  enough  for  dry 
and  cool  ducts,  and  lower  voltages.  Where  cables  are  sub- 
jected to  heat  and  moisture,  as  is  often  the  case  in  mill  work, 
would  not  rubber  or  cambric  insulation  be  better  ?       ^ 

Where  large  currents  are  handled,  great  care  must  be  taken 
to  guard  against  electrolysis. 

We  cannot  overlook  the  fact  that  the  carrying  capacity  of 
undergroimd  cable  is  considerably  smaller  for  the  same  size 
cable,  than  that  of  overhead  cable.  The  proper  construction 
and  ventilation  of  ducts  is  therefore  of  great  importance.  In 
many  cases  in  the  steel  industry,  the  ground  surrounding  the 
ducts  is  made  of  cinder,  or  gravel,  and  is  very  porous  and  dry, 
and  would  not  carry  off  the  heat. 

Should  we  entirely  close  up  all  manholes  in  gut  mills,  or  should 
we  ventilate  same?  There  is  danger  of  gases  accumulating 
in  an  entirely  enclosed  manhole,  but  on  the  other  hand  there 
is  danger  in  the  mill  of  having  either  hot  cinder  or  metal  spilled 
in  the  manhole  if  of  the  ventilated  type. 

It  probably  would  be  advisable  to  bring  out  cables,  only, 
in  every  other  manhole,  so  that  in  case  of  trouble  in  a  manhole, 
not  all  cables  are  affected. 

E.  B.  Meyer:  The  author  as  noted  in  his  paper  undoubtedly 
favors  the  use  of  varnished-cloth  or  cambric-insulated  cable, 
whereas  the  writer's  experience  with  large  systems  of  distribu- 
tion over  a  period  of  fifteen  years  indicates  that  paper  cable 
can  be  used  almost  exclusively  for  this  class  of  work  without 
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fear  of  giving  trouble,  the  primary  featiire  being,  as  in  all  kinds 
of  electrical  construction,  care  in  installation. 

Service  or  distribution  holes  where  the  space  in  the  street 
allows  should  be  built  on  the  side  of  the  main  conduit  so  as  to 
permit  ample  room  for  the  proper  racking  of  cable  and  subway 
boxes.  In  congested  streets,  however,  this  plan  is  not  always 
feasible  and  imder  such  conditions  the  hole  may  be  placed  on  top 
of  the  main  conduit  and  sufficient  ducts  run  therein  for  dis- 
tribution work.     See  Fig.  1. 

In  many  systems  subway  branch  boxes  are  used  on  the  main 


Plan  (A) 
A  Distribution  Hole  Cut  in  on 
the  SkJe  of  Main  Conduit 


Section  (A) 


Plan  (B) 
B  Distribution  Hole  Cut  in  on 
the  Top  of  Main  Conduit 


This  Depth  is  deternuned 
by  the  Grade  of  Conduit  -[^ 


Section  (B) 

Fig.  1 — Methods  of  Building  Distribution  Hole  in  Main  Conduit 

Line 

secondary  cable  for  taking  care  of  service  connections  to  con- 
sumers. These  boxes  add  considerably  to  the  cost  of  installa- 
tion and  it  is  frequently  found  necessary  to  install  additional 
boxes  in  cases  where  the  number  of  outlets  in  the  original  box 
installation  is  not  sufficient  to  take  care  of  the  ultimate  number 
of  service  connections. 

A  novel  method  of  taking  care  of  such  service  connections 
is  by  the  use  of  rubber  insulated  service  bus  mounted  on  the 
wall  of  the  manhole  or  distribution  hole  as  shown  in  Fig.  2. 
In  this  type  of  construction  the  usual  splice  is  made  to  the 
main  paper-insulated  lead-covered  cable  with  a  rubber-insu- 


Digitized  by  VjOOQIC 


PLATE  VIII 

A.  I.  E.  E. 

VOL.  XXXVil,    1918 


Digitized  by 


Googh 


Digitized  by 


Googh 


1918] 


DISCUSSION  AT  CLEVELAND 


455 


lated  lead-covered  cable.  The  lead  sheath  on  the  branch  cable 
terminates  a  short  distance  below  the  bus  rack.  Service  con- 
nections are  made  to  the  bus  with  rubber-instdated  cable  covered 
with  weather-proof  braid. 

Installations  of  this  character  have  proved  very  successful 
and  have  be*  n  iu  operation  on  220-volt  3-wire  a-c.  systems  for 
a  period  of  over  ten  years  without  a  failure.  The  principal 
advantage  with  this  form  of  construction  is  that  the  service 
of  a  lead  jointer  are  not  required  to  make  the  connections  to 
the  service  bus  and  any  nxmiber  of  connections  up  to  the  capac- 
ity of  the  bus  may  be  installed  as  the  occasion  requires.  In  a 
system  as  just  described,  the  secondary  mains  may  be  either 
single-  or  2-conductor  paper-insulated  lead-covered  and  the 


Solid  Con  ductCf 
Rubber  Bra  id«d 


Kybberand   ^"    A.C  Main 
Uad  Paper  and  Lead 


^rn^. 


Fig.  2 

neutral  of  bare  tinned  copper  wire.  The  lateral  connections 
from  the  service  holes  to  the  customer's  premises  are  usually 
installed  in  iron  pipes  thoroughly  coated  with  asphalttma  or 
other  compoimd  to  prevent  corrosion,  the  entire  system  being 
water-proof  from  the  manhole  to  the  customer. 

With  reference  to  series  street  lighting  systems  the  writer 
has  foimd  No.  8  wire  is  usually  a  sufficient  size  for  all  classes 
of  street  Ughting  •  work,  a  single-conductor  rubber-insulated 
lead-covered  cable  apparently  being  best  adapted  for  this 
particular  use  as  the  lead  can  be  removed  from  the  rubber 
cable  making  it  easy  to  loop  the  cable  into  the  bases  of  the 
ornamental  iron  posts  along  the  imdergroimd  system. 

While  the  author  does  not  specifically  state  the  kind  of  con- 
duit  material   recommended,    recent    practise   indicates    that 
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fibre  conduit  has  come  into  very  general  use  for  all  classes  of 
tmderground  electrical  work.  In  the  laying  of  fibre  conduit 
a  concrete  base  is  usually  provided.  There  is  also  provided  a 
side  and  top  cover  of  concrete  with  one-inch  concrete  separa- 
tion between  the  adjacent  ducts.  Experience  has  shown  that 
this  form  of  construction  resists  the  heat  of  an  arc  from  burn- 
ing cables,  preventing  trouble  communicating  from  one  duct 
to  another.  Multiple-tile  duct  affords  the  least  protection 
to  cables,  as  it  is  impossible  to  prevent  the  commtmication  of 
trouble  between  the  ducts  at  the  joints.  Multiple  duct  is, 
therefore,  better  adapted  for  telephone,  telegraph  and  other 
similar  work. 

Regarding  the  several  types  of  manhole  heads  or  covers, 
the  round  type  seems  to  be  the  one  more  generally  used.  The 
use  of  the  retangular  type  should  be  avoided  as  far  as  possible 
as  in  the  hands  of  careless  workmen  the  cover  may  be  dropped 
into  the  manhole,  causing  danger  to  cables  or  equipment  con- 
tained therein. 

The  author's  comments  regarding  transformer  manhole 
construction  and  methods  of  installation!  seem  to  be  generally 
accepted  as  good  practise.  Transformers  should  be  installed 
in  contact  with  the  bottom  of  manholes  and  not  blocked  up  off 
the  bottom  unless  the  transformer  case  is  reliably  groimd^. 
Some  very  serious  accidents  have  been  due  either  directly  or 
indirectly  to  the  result  of  shocks  received  from  transformer 
cases  placed  on  wooden  blocks  in  manholes;  these  accidents 
being  caused  primarly  by  a  failure  of  the  transformer  or  wiring 
connections  whereby  high  potential  was  impressed  upon  the 
ungrounded  transformer  case.  The  neutral  connection  to  the 
transformer  is  usually  made  solid  and  not  brought  out  through 
the  transformer  box.  The  secondary  neutral  of  the  transformer 
should  be  a  solid  copper  conductor  where  it  enters  the  transformer 
case.  If  stranded  wire  is  used,  water  is  apt  to  be  syphoned 
into  the  transformer  when  manholes  are  flooded  and  special 
precaution  should,  therefore,  be  taken  to  see  that  this  connection 
is  made  water-tight. 

The  importance  of  maintaining  the  oil  in  underground  trans- 
formers in  perfect  condition  free  from  moisture  or  sediment 
cannot  be  too  strongly  emphasized  as  the  life  of  the  transformers 
depend  on  the  maintenance  of  these  conditions.  Precaution 
should  be  taken  by  operating  companies  to  insure  proper  in- 
stallation and  operation  of  the  transformer  and  in  addition 
to  an  inspection  of  the  oil  at  least  once  a  year,  it  is  desirable 
that  air  pressure  be  applied  to  the  transformer  cases  after  in- 
stallation to  detect  leaks. 

For  the  purpose  of  checking  the  load  on  transformers,  the 
use  of  a  split-core  current-testing  transformer  will  be  found 
convenient. 

Transformers  should  be  provided  with  cut-out  subway  boxes 
on  both  the  primary  and  secondary  sides  if  they  feed  an  under- 
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ground  distribution  net  work.  If  they  feed  only  isolated  sec- 
tions the  cut-out  on  the  secondary  side  may  be  omitted.  These 
boxes  need  not  necessarily  be  fused,  as  a  number  of  companies 
believe  that  fuses  give  more  or  less  trouble.  In  most  cases 
the  omission  of  fuses  is  recommended,  the  boxes  being  provided 
simply  as  disconnectors  in  the  event  of  trouble  with  the  trans- 
former. Where  solid  connections  are  provided,  it  is  necessary 
to  depend  for  protection  entirely  upon  the  automatic  devices 
in  the  station. 

In  general  it  may  be  said  that  an  underground  system, of 
distribution  depends  to  a  large  extent  upon  local  conditions 
and  in  many  cases  it  will  follow  the  existing  plan  of  the  over- 
head lines. 

Mr.  Newton's  paper,  however,  has  covered  the  subject  in 
such  a  way  as  to  assist  the  central  station  engineer  in  laying 
out  a  cable  system  for  supplying  light  and  power  service. 

Wilfred  Sykes:  Mr.  Friedlaender  has  raised  some  points 
regarding  the  type  of  insulation.  It  has  been  my  good  forttuie 
to  be  associated  with  a  considerable  number  of  cable  experts, 
in  work  for  the  Government  where  it  was  necessary  to  find  the 
best  cable  that  could  possibly  be  designed  to  carry  power 
from  one  point  to  another,  the  conditions  surrounding  this 
installation  being  such  that  the  cables  were  likely  to  be  sub- 
jected to  particularly  high  temperatures,  and  also  to  flooding 
at  times. 

This  matter  was  referred  to  a  committee  for  consideration. 
On  this  committee  there  were  representatives  of  the  principal 
cable  manufacturers,  and  we  had  a  very  frank  discussion.  The 
various  types  of  insulation  were  discussed,  and  everybody 
came  to  the  conclusion  that  the  best  insulation  they  could  get, 
that  is  for  moderate  potentials,  around  5000  volts,  was  var- 
nished cambric. 

After  -we  got  the  insulation  around  the  cable,  the  question 
of  protecting  the  cable  created  a  good  deal  of  controversy. 
Some  thought  that  we  ought  to  have  a  lead  sheath  around 
the  cable,  and  others  pointed  out  that  lead  sheaths  were  likely 
to  crack  from  unknown  causes,  and  that  they  were  pretty  sure 
to  crack  if  there  was  any  vibration,  and  for  that  reason  another 
type  of  moisture  protection  was  advocated  and  definitely  adopted. 
We  know  that  plain  rubber  has  short  life,  especially  where  the 
temperatiwe  is  high.  Some  experiments  carried  on  over  a  per- 
iod of  years  in  the  New  York  Edison  Company  has  shown  that 
an  insulation  made  up  of  reinforced  rubber,  as  it  is  called, 
will  stand  high  temperatures,  apparently  without  deterioration, 
for  quite  a  long  time.  This  reinforced  rubber  is  nothing  less 
than  rubberized  tapes  laid  over  one  another,  and  held  together 
by  cement,  and  the  whole  vulcanized.  As  a  moisture  protector 
that  is  quite  effective,  but  it  is  not  used  as  an  insulator.  Labor- 
atory tests  made  over  periods  of  years,  where  it  has  been  sub- 
jected to  temperatures  of  100  deg.,  show  it  is  apparently  un- 
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changed.  *The  paper-insulated  cables  will  stand  a  little  higher 
temperature  than  the  cambric-insulated  cables  without  deter- 
ioration, but  not  much.  The  upper  limit  of  temperature  varies 
somewhat  with  the  voltage  to  be  used.  The  paper  cable  was 
not  suitable  for  this  work,  because  we  had  to  make  a  number 
of  rather  sharp  bends  in  it,  and  nobody  would  contend  that  the 
paper  cable  was  as  good  as  the  cambric  cable  for  that  work. 

One  other  point  was  the  question  of  grounding  the  sheaths. 
In  one  case  we  had  to  work  with  three-phase  cable,  where  the 
lead  sheaths  were  used,  and  there  was  no  question  of  being 
able  to  ground  the  sheath  of  that  cable,  and  not  having  any 
circulating  current  appreciable.  In  the  case  of  single-phase  cable, 
with  lead  sheaths,  we  made  an  investigation  and  found  that  the 
circulating  current  was  such  that  if  you  grounded  the  lead  sheath 
you  would  be  likely  to  bum  it  off,  or  you  would  have  such  temper- 
atures that  the  current  carrying  capacity  of  the  cable  was  cut 
down,  so  that  it  was  not  a  practicable  proposition.  The  Com- 
mittee finally  came  to  a  decision,  that  where  the  cost  was  not 
the  main  consideration,  and  where  the  cable  would  have  pretty 
rough  handling,  that  the  varnished-cambric  cable  was  the  best 
type. 

F.  M.  Hibben:  I  would  like  to  ask  the  members  if 
they  have  used  multiple-conductor  arc  cable.  The  author 
advocates  single-conductor  cable  No.  6,  he  advocates  No.  6 
for  mechanical  reasons  only,  the  current  being  5  or  6  amperes. 
We  are  contemplating  using  4,  possibly  6,  or  a  larger  number 
of  conductors,  perhaps  we  may  reach  to  ten,  all  in  one  sheath  for 
different  arc  circuits,  and  I  would  like  to  find  out  if  any  of 
the  companies  have  tried  anything  like  that,  and  with  what 
success.  With  two-conductor  arc  cable,  you  have  little  chance 
of  one  arcing  and  causing  short  circuits  in  adjacent  cables. 
On  the  other  hand,  the  smaller  cost  of  subway  acts  as  a  point 
in  favor  of  the  use  of  multiple-conductor  arc  cable.  - 

In  one  case  the  author  advocated  a  bare  neutral,  and  in  another 
case  he  said  pull  the  bare  neutral  into  a  duct  with  a  lead-sheath 
cable.  With  a  slight  amount  of  voltage  in  the  ground  from  the 
street  railway  return  current,  I  think  the  current  from  the 
bare  neutral  to  the  rails  would  eat  holes  in  the  lead  sheath. 
In  Cleveland  we  had  a  d-c.  distribution  something  similar  to 
that,  where  we  pulled  out  all  the  bare  neutral  and  put  in  regular 
insulated  lead  cable.  We  found  it  impossible  to  maintain  the 
bare  neutral,  even  when  it  was  in  a  separate  duct — we  had 
more  or  less  electrolytic  trouble  with  it. 

G.  J.  Newton:  In  reply  to  the  questions  that  were  brought 
out  in  the  discussion  of  this  paper  I  desire  to  make  the  follow- 
ing explanation,  after  which  the  various  questions  will  be 
replied  to. 

In  the  first  place  the  paper  as  presented  was  very  much 
condensed  from  a  manuscript  prepared  for  book  publication, 
it  was  not  possible,  therefore,  in  the  space  available  to  give 
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more  than  a  general  outline  of  the  method  of  proceeding  to 
design  a  system  of  underground  distribution  and  a  simple  system, 
common  to  the  average  cities  of  moderate  size,  was  selected  as 
being  representative  of  this  class  of  work.  It  was  clearly  stated 
that  an  a-c.  system  would  be  considered  as,  with  the  exception 
of  d-c.  power,  there  would  be  little  or  none  of  the  d-c.  system 
placed  underground  in  a  city  of  the  size  considered  where  a 
new  underground  system  was  installed. 

In  the  second  place  the  conclusions  arrived  at  and  stated  in 
the  paper  do  not  apply  to  any  particular  locality  but  were 
intended  to  represent  average  conditions  and  were  based  on 
over  twenty  years  experience  in  designing,  building  and  operat- 
ing underground  systems;  most  of  the  questions  brought  out 
in  the  discussion  were  based  on  the  experience  of  the  various 
gentlemen  in  their  particular  locality.  With  the  conditions 
assumed  in  the  paper,  and  the  further  assumption  that  the 
engineer  has  not  had  previous  experience  in  this  class  of  work  I 
feel  certain  that  the  methods  suggested  are  satisfactory  for 
guidance. 

Large  existing  systems  are  in  charge  of  competent  engineers 
who  are  familiar  with  the  most  suitable  methods  and  apparatus 
to  use  in  their  particular  system,  the  author  had  no  intention 
of  criticizing  their  methods  but  simply  desired  to  give  useful 
information  to  those  engineers  who  were  confronted  with  this 
class  of  work  and  lacked  previous  experience  in  handling  it. 

Repljring  to  Mr.  A.  A.  Meyer:  I  believe  that  both  the  a-c. 
and  d-c.  systems  have  their  particular  place  in  distribution 
problems  but  in  a  place  similar  to  that  assumed  I  doubt  if  much 
d-c.  distribution  would  be  placed  underground,  the  chances 
being  that  the  d-c.  system  would  be  changed  to  a-c.  in  this 
district  with  the  ultimate  intention  of  doing  away  with  it  en- 
tirely as  the  underground  district  was  enlarged. 

The  methods  suggested  for  designing  the  a-c.  system  would 
apply  for  d-c.  work  were  it  necessary  to  install  that  system,  as 
the  much  less  complicated  equipment  makes  that  class  of  design 
comparatively  a  very  simple  matter  as  this  type  of  service  is 
fairly  well  standardized  in  the  large  cities,  and  undoubtedly 
the  new  system  installed  in  a  small  place  would  follow  existing 
practise. 

Repljring  to  Mr.  C.  W.  Rakestraw:  I  stated  that  "Personally 
I  prefer  varnished  cambric  or  cloth  insulation  in  all  distribu- 
tion work,  particularly  in  the  smaller  cities  where  usually  the 
cable  department  is  very  limited."  I  see  no  reason  to  change 
my  opinion  on  that  statement  and  refer  to  Mr.  Wilfred  Sykes 
discussion  of  the  paper  in  which  he  states  that  varnished-cambric 
cable  under  the  conditions  assumed  would  be  the  best.  In 
preparing  the  paper  I  felt  that  it  was  proper  to  suggest  what 
my  experience  had  shown  to  be  the  best,  if,  however,  the  cost 
would  prevent  the  use  of  this  class  of  cable  then  the  engineer 
must'use  paper. 
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In  small  cities  it  is  foolish  to  install  anything  but  the  best  as 
the  system  once  installed  is  seldom  inspected  or  taken  care  of 
properly  and  it  is  better  to  do  a  little  at  a  time  and  do  it  right 
and  give  good  reliable  service. 

I  said  that  if  paper  cable  was  used  it  would  be  necessary  to 
splice  either  varnished-cambric  or  rubber  tails  on  it  where  it 
entered  equipment.  Naturally,  with  the  knowledge  of  modem 
engineers  they  would  not  use  rubber  insulation  in  oil-insulated 
equipment. 

The  system  under  discussion  was  stated  to  have  single- 
conductor  mains  for  the  lighting  system  as  that  type  of  cable 
gave  the  greatest  capacity  for  those  niiains  and,  therefore, 
single-conductor  services  were  stipulated.  The  power  system 
was  stated  to  have  three-conductor  cable  and  three-conductor 
services. 

As  stated,  there  is  a  difference  of  opinion  as  to  the  advisability 
of  installing  fuses  on  the  primary  side  of  undergroimd  trans- 
formers. The  fact  that  fuses  are  considered  advisable  on  Mr. 
Rakestraw's  systems  does  not  make  my  statement  incorrect. 

The  author  installed  a  bare  neutral  on  an  a-c.  distribution 
system  in  Peoria,  111.,  and  as  far  as  I  know  there  has  never 
been  any  trouble  from  this  neutral,  however,  at  the  time  that 
I  tested  the  system  it  was  exceptionally  free  from  electrolysis. 
In  this  connection  I  might  state  that  I  have  heard  of  the  sheath 
of  the  cable  being  used  as  the  neutral  in  some  three-phase 
work  and  would  refer  you  to  a  paper  by  Mr.  Hood  of  one  of  the 
Canadian  companies. 

Replying  to  Mr.  Friedlaender:  In  my  paper  I  pointed  out 
the  necessity  of  providing  emergency  facilities  to  take  care  of 
every  case  of  trouble  that  could  be  reasonably  foreseen,  I  am 
confident  even  under  the  exacting  conditions  required  by  a 
steel  mill  that  with  proper  study  a  satisfactory  system  could  be 
designed  and  installed,  which  would  fully  warrant  the  cost  of 
the  work. 

If  the  entire  power  and  lighting  system  of  the  plant  were 
changed  to  underground  or  at  least  the  design  made  with  that 
end  in  view,  it  would  be  possible  to  provide  ample  facilities 
for  meeting  the  most  difficult  conditions. 

Replying  to  Mr.  E.  B.  Meyers:  In  the  original  manuscript 
it  was  suggested  that  service  boxes  could  be  built  on  the  side 
of  the  main  run  of  conduit  but  the  statement  was  omitted  in 
the  revision  for  this  paper,  however,  conditions  govern  this 
part  of  the  work. 

The  particular  method  of  taking  care  of  service  in  Mr.  Meyers 
company  is  known  to  the  author  and  is  a  special  case  and  cer- 
tainly not  suitable  for  a  system  in  a  small  city  where  the  cable 
department  is  limited. 

Undoubtedly  fibre  conduit  can  be  installed  for  less  money 
than  clay  conduit  and  will  give  equally  good  service.  This 
subject  was  also  treated  in  the  original  manuscript.     Multiple 
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clay  duct  should  not  be  used  on  lighting  and  power  systems, 
either  single  clay  or  fiber  is  better. 

By  installing  the  transformers  on  I  beams  there  is  a  chance 
for  the  air  to  circulate  around  and.  under  them  and  under  heavy 
load  they  would  have  more  cooling  surface.  Naturally, 
these  I  beams  should  be  connected  securely  to  the  transformers 
and  grounded. 

Replying  to  Mr.  P.  M.  Hibben:  There  is  no  objection  to 
using  No.  8  conductor  for  series  arc  light  systems  and  it  is  quite 
common  practise  to  have  several  circuits  in  the  same  sheath 
provided  that  they  all  tenninate  at  the  same  point  as  is  fre- 
quently the  case  where  several  pass  through  the  underground 
district  in  order  to  supply  outlaying  sections  of  the  city. 
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SOME  CONSIDERATIONS  IN   DETERMINING  THE 
CAPACITY  OF  ROLLING-MILL  MOTORS 


BY  ROBERT  F.  HAMILTON 


Abstract  of  Paper 


A  consideration  in  detail  of  electric  drive  for  rolling  mills, 
including  classification  ^>f  mills  and  motors,  mathematical 
determinations  of  energy  required  for  rolling,  relation  of  speed 
to  tonnage,  motor  capacity  and  flywheel  application. 

FOR  several  years  past  the  attention  of  engineers  in  Great 
Britain  has  been  directed  to  the  electric  driving  of  rolling  ^ 
mills.  This  is  a  natural  result  of  the  constantly  increasing  use 
of  electric  power  for  auxiliary  apparatus  in  steel  works,  and  the 
economies  which  accompany  generation  of  power  in  large  units. 
When  blast  furnace  gas  may  be  utilized  under  boilers  for  turbo- 
generators or  for  driving  gas  engine  units  the  prospects  of  elec- 
tric motor  application  throughout  an  entire  works  are  very 
favorable.  The  present  demand  for  steel  has  accelerated  the 
application  in  that  it  has  caused  many  manufacturers  to  scrap 
existing  plant  and  adopt  more  modern  methods.  In  a  very  few 
months  the  steel  production  of  the  nation  has  changed  from  what 
might  have  been  called  a  decaying  industry  into  a  vital  necessity. 

General  Classification 
In  any  rolling-mill  electrification  the  paramount  problem  is  the 
delivery  of  a  specified  tonnage  of  steel,  of  which  the  grade  and 
section  are  known,  at  a  minimum  total  cost.  Each  case  must 
therefore  be  analyzed  carefully  and  the  most  suitable  equipment 
chosen.     In  general,  the  drives  may  be  classified  as  follows: 

1 .  Continuous  running  mills. 

a.  Constant-speed  motors. 

b.  Adjustable-speed  motors. 

2.  Reversing  Mills. 

Item  1  may  include  two-high  or  three-high  mills,  of  nearly  all 
types,  i.  e.,  plate  mills,  sheet  mills,  cogging  or  blooming  mills, 
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merchant  mills,  rod  mills,  etc.  By  far  the  greater  number  is 
driven  by  constant-speed  motors.  Adjustable-speed  motors  are 
found  where  it  is  desirable  to  roll  a  variety  of  sections  in  the  same 
mill. 

One  of  the  most  efficient  drives  is  by  means  of  a  high-speed 
induction  motor  with  ropes  or  gearing.  If  speed  variation  is 
necessary  this  may  be  accomplished  in  the  case  of  an  induction 
motor  by  controlling  the  rotor  frequency  with  a  synchronous 
converter  or  alternating-current  commutating-motor.  Instead 
of  the  adjustable-speed  induction  motor  it  is  often  fotmd  advis- 
able to  use  adjustable-speed  direct-current  motors  and  synchron- 
ous converters,  assuming  of  course,  that  the  supply  is  an  alter- 
nating-current system.  If  the  first  mentioned  scheme  includes 
an  auxiliary  motor  on  the  shaft  of  the  main  motor,  constant  power 
output  may  be  obtained  at  the  rolls  throughout  the  range  of  speed. 
When  it  is  necessary  to  increase  the  speed  of  rolling,  the  torque 
required  is  usually  less,  which  condition  is  also  met  by  a  direct- 
current  motor  with  shunt-field  control.  In  a  few  special  cases 
cascade  motors  or  Ward-Leonard  motors  have  been  used  to  drive 
continuous  mills. 

The  reversing  mill  is  best  suited  to  the  work  of  cogging  ingots 
to  billets.  The  speed  of  rolling  is  changed  from  pass  to  pass  as 
the  billet  lengthens  and  the  reversing  does  away  with  the  lifting 
tables,  which  are  generally  necessary  in  a  three-high  mill. 
Electric  motors  which  are  to  meet  such  service  must  be  capable  of 
withstanding  large  overloads,  since  no  flywheel  is  interposed  be- 
tween the  motor  and  mill.  Ward-Leonard  control  is  used  over 
the  range  of  speed  in  which  the  torque  is  a  maximum,  and  shunt- 
field  control  at  the  top  speeds  when  the  torque  is  reduced.  An 
Ilgner  set  supplies  the  energy  for  the  motor. 

Selection  of  Mill 

The  type  of  mill  is  determined  by  the  tonnage  and  sections 
rolled;  the  temperature  at  which  the  rolling  takes  place;  the 
quality  and  composition  of  the  product;  the  general  layout  of  the 
steel  works  and  the  labor  conditions  existing  in  the  particular 
district.  The  latter  is  emphasized  in  the  consideration  of  auto- 
matic features  and  skilled  attendance. 

This  discussion  presumes  that  the  following  facts  have  been 
determined: 

L     Type  of  mill  including  layout. 

2.     Weight,  shape,  material  and  temperature  of  ingot  or  billet. 
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3.  Section  and  tonnage  of  finished  product. 

4.  Diameter  and  profile  of  the  rolls. 

5.  Time  required  to  handle  material  between  passes. 

Energy  Required  for  Rolling 

Opinions  vary  as  to  the  methods  employed  in  calculating  the 

energy  required  for  rolling.     Many  engineers  use  a  formula  which 

includes  the  logarithm  of  the  elongation.     That  is,  the  torque  in 

any  pass  is  proportional  to  the  logarithm  of  the  elongation  of  the 
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material  during  the  pass.  A  basis  for  this  method  may  be  found 
by  plotting  a  curve  of  energy  versus  total  elongation  as  shown 
in  Fig.  1.  Such  a  curve  agrees  very  closely  with  a  logarithmic 
function. 

A  second  method  is  based  upon  the  energy  per  unit  voliune 
displaced  or  upon  its  reciprocal,  the  voliune  displaced  per  unit 
energy.  Referring  to  Fig.  2^ahcd\^  considered  as  the  voliune  of 
metal  displaced  in  rolling  from  length  /i  to  ^,  that  is,  the  volume 


of  metal  displaced  is  the  product  of  the  reduction  in  area  and  the 
original  length. 

The  method  used  by  the  author  consists  in  the  application  of  a 
certain  tangential  force  at  the  circumference  of  the  rolls  per  unit 
reduction  or  transposition  of  sectional  area.  The  following 
analysis  will  make  this  clear: 

Referring  to  Fig.  3,  two  distinct  kinds  of  rolling  are  represented 
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by  A  and  B  respectively.  In  case  A ,  the  reduction  in  area  is  the 
arithmetical  difference  of  the  two  areas  involved,  while  in  case  B, 
the  transposition  in  area  may  be  considered  equal  to  that  area 
of  the  one  section  which  is  not  included  within  the  outline  of  the 
other.  Case  A  is  by  far  the  more  common  in  rolling  work.  A 
combination  of  A  and  B  may  occur  in  certain  forming  passes 
where  there  is  a  slight  reduction  in  area.  Case  B  does  not  cause 
an  elongation  in  the  material  but  may  be  reduced  to  terms  of  an 
equivalent  elongation  when  considering  the  total  energy.  This 
will  become  apparent  in  what  follows. 

Let  /i  =  length  of  ingot  at  start  of  rolling 

A 1  s  sectional  area  of  ingot  at  start  of  rolling. 

It  ~  length  of  finished  product. 
At  =  sectional  area  of  finished  product. 
e  s  elongation  per  pass,     e,  =  total  elongation. 
N  —  number  of  passes. 
Then 


N  . 


-i—   =  -T^  and«  =  \/^#  =  y/AJA% 
h*         At 


assuming  for  the  purpose  in  hand  that  there  is  no  increase  in 
density,  nor  loss  of  material  and  that  the  elongations  in  each  pass 
are  equal,  which  assumption  will  do  for  preliminary  considera- 
tions. 

Now  if  K  be  the  force  per  unit  reduction  in  area  for  any  one 
pass,  say  the  iVoth,  R  the  effective  radius  of  the  rolls,  and  T  the 
torque  necessary  for  rolling,  T  will  be  given  by 

T  =  KR{Aso^i-Aso)  =  KRA,  (^^  -  ■^)       (1) 

Now 

lo  =  h  e^^ 

and  since  energy  is  the  product  of  force  and  distance  through 
which  the  force  acts,  the  energy  for  the  iVoth  pass  is 

£o  =  KhA.ie--  1)  (2) 

and  the  total  energy  for  rolling  is  equal  to 

E  =  {7:K)[hA,{e-  1)]  (3) 
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since  (2)  is  dependent  upon  the  number  of  the  pass  only  in  so  far 
as  JC  is  dependent.  If  Ko  be  taken  as  an  average  value  of  K  over 
the  conditions  of  ordinary  rolling,  W  the  weight  of  the  ingot 
which  is  proportional  to  h  A  i,  and  E  the  total  energy  for  rolling, 
then 

E  =  NKoW(e-  1)  (4) 

From  large  numbers  of  tests  the  h.  p.-sec.  per  ton  •  ^jr-,  for  dif- 

ferent  values  of  e,  have  been  determined  for  various  sections. 

The  factor  Ko  varies  with  the  temperature  of  rolling  and  diam- 
eter of  the  rolls  as  well  as  with  the  kind  of  steel  and  shape  of  the 
section  rolled.  Within  the  limits  of  practise,  however,  Ko  as 
calculated  from  the  above;  i.  e. 


^"'-W  ^  NJT^)  ^'^ 


changes  very  little  owing  to  the  first  three  causes  mentioned  and 
rather  less  than  might  be  expected  due  to  the  fourth.  For 
example  in  a  certain  reversing-cogging-mill  rolling  4-in.  by  4-in. 
billets  from  three-ton  ingots,  Ko  has  a  relative  value  of  3.2  com- 
pared with  a  value  of  4.0  for  a  merchant  mill  rolling  3-in.  chan- 
nels from  6-in.  by  6-in,  billets.  In  the  former  case  22  passes  are 
employed;  in  the  latter  15.  The  two  examples  present  totally 
different  conditions  of  rolling.  Of  course  in  finding  the  total 
energy  consumption  per  ton,  the  mill  and  motor  losses  must  be 
added  to  the  energy  required  for  rolling. 

If  -™-  represents  the  units  per  ton  which  are  being  expended 

to  roll  steel  having  a  total  elongation  of  e,  in  N  peisses,  then  Ko 
as  given  in  (6)  is  a  measure  of  the  efl5ciency  with  which  the  rolling 
is  being  accomplished. 

Table  I  gives  a  few  typical  values  of  Ko. 

From  the  above  it  will  be  noted  that  the  change  in  area  in  any 
pass  is 

and  the  length  of  the  entering  bUlet  or  ingot  is  given  by  h  «^«-i 
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Therefore,  the  volume  of  metal  displaced  in  the  iVoth  pass  is 

'.«"--^.(-p^-iL)-»'(i-4) 

where  V  is  the  original  voltmie. 

This  would  show  that  under  the  assumed  conditions  the 
voltmie   displaced   per  pass  (see  Fig.  2)  is  a  constant  value, 

E 

and  if  Ki  is  the  energy  per  tmit  volume  displaced  and  -^  the 

energy  per  unit  mass  of  the  material  rolled, 

E     _  P 


Ki  = 


^'4-t) 


where  p  is  the  average  density  of  the  metal. 
From  the  foregoing  it  follows  that 

Since  e  varies  slightly  for  different  conditions,  equation  (6) 
gives  an  idea  of  the  discrepancies  which  will  occur  between  a 
calculation  in  which  Ko  is  taken  as  a  given  value,  and  one  in 
which  Ki  is  the  factor  assumed. 

Ko  conforms  to  the  method  of  "force  per  unit  area"  while  Ki 
applies  to  the  method  of  "energy  per  unit  volume  displaced" 
under  the  same  conditions. 

With  an  average  value  of  e  determined  upon,  the  number  of 
passes  required  to  roll  any  given  section  would  be 

^  ^    logi4|  -  log  At 
"^  log« 

logg> 


loge 


Upon  laying  out  the  individual  passes  it  may  be  necessary  to 
modify  e  somewhat.  Then  too,  if  there  is  a  large  temperatiu'e 
drop  from  start  to  finish,  Ko  should  vary  from  pass  to  pass  ac- 
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cordingly.  For  changes  in  temperature  the  writer  has  derived 
the  following  empirical  expression,  which  although  not  exact  is 
very  useful  when  used  within  ordinary  temperatures  for  rolling 
steel. 

in  which  Ko  ^  C  log  -^  * 

Ofn  —  temperature  at  which  the  metal  liquefies  in  deg.  cent., 

generally  about  1380  deg. 
0  =  temperature  of  rolling  in  deg.  cent. 

For  cold  rolling  the  energy  required  for  various  materials  may 
be  taken  as  about  proportional  to  the  moduli  of  elasticity  of  the 
materials. 

As  previously  pointed  out  Ko  must  also  be  modified  to  cor- 
respond to  the  shape  of  the  section.  A  good  idea  of  the  values 
to  apply  in  the  individual  passes  can  be  obtained  from  the 
average  value  of  Ko  for  rolling  different  sections. 

In  this  connection  it  should  be  remembered  that  in  certain 
forming  passes  there  will  be  a  transposition  or  shifting  of  sec- 
tional area  without  a  corresponding  volume  displacement  or 
elongation  and  Ko  will  be  altered  accordingly.  However,  what 
interests  the  electrical  engineer  is  the  aggregate  result  rather  than 
what  may  happen  in  any  one  pass  and  this  aggregate  may  be  very 
accurately  determined  from  the  average  value  of  Ko  for  any 
particiilar  type  of  section  rolled. 

Shoiild  there  be  considerable  transposition  of  section  Kq  as 
found  in  the  ordinary  way  will  be  larger  than  usual.  In  such  a 
case  transposition  may  be  considered  as  a  certain  hypothetical 
elongation. 

With  this  method  all  types  of  rolling  may  be  compared  on  the 
same  basis. 

Relation  of  Mill  Speed  to  Tonnage 

Let  W  =  weight  of  each  ingot  in  tons 
5  =  tonnage  per  hour  required. 
ti  =  total  time  of  intervals;  seconds  }  j^j.  ^^^  ingot 
ir  =  total  time  of  passes;  seconds        ) 


Then 


3600  W       , 

h   =   c *< 
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Now  if  /i  =  original  length  of  ingot 
No  =  number  of  the  pass 
d  =  eflfective  diameter  of  the  rolls 
n  =  average  rev.  per  min.  during  a  pass 
Ip  —  time  of  the  pass. 


then 


and 


/p  = 


60 /jg^*' 
T  dn 


^r  =  -^^  le  +  e'  +  e»  +  e'+ e^] 


from  which 


IT  dn 

60/i[g^  +  ^-  e] 

^^        ,r        ,,  r3600  W  1 

7rd[e-  1]  I  ^ /,J 

n  is  generally  limited  by  the  speed  at  which  the  material  may  be 
handled.     In  this  case  with  n  known,  5  is  found  from 

3600  W^n 


or  with  n  and  S  both  known,  an  insight  into  the  rapidity  with 
which  the  material  must  be  handled  may  be  found. 

Fig.  4  shows  a  graphic  application  of  the  formula  which  is 
useful  in  obtaining  an  idea  of  the  tonnage  which  any  continuous- 
running  mill  may  deliver. 

The  results  obtained  with  a  reversing  mill  are  quite  different. 
The  calculated  torque-time  diagram  for  a  typical  reversing  mill  is 
given  in  Fig.  5.  In  this  case  the  accelerating  time  in  the  pass  is 
about  one-half  the  time  of  the  pass  and  the  material  is  discharged 
from  the  rolls  at  top  speed.  The  time  of  reversing  and  attaining 
the  "nipping"  speed  is  here  included  in  the  time  of  the  interval. 

Let  Tp  =  turns  in  pass. 

»i  =  nipping  speed  in  pass 
No  =  number  of  the  pass 
n  ~  Max.  speed  in  pass 
tp  »  time  in  pass  seconds 
to  =  acceleration  time  in  pass. 
Now  it  is  good  practise  to  make  ni  =  J  n  and  /«  =  J  /,. 
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Kon:    To  find  the  total  time  in  teoonds  for  biUet  to  peat  through  the  roOt  add  to  the 
time  of  the  intervals  the  time  T,  when 

D  % 

Lx    the  ratio  of  the  original  length  of  the  billet  to  the  effective  diameter  of  the  rolb. 

the  constant  from  the  curve  divided  by  the  avenge  rev.  per  msn.  of  the  roDs. 


Let  the  time  of  first  pass      =  i\ 
Let  the  time  of  final  pass     «  t/ 
Nipping  speed  in  first  pass  ~  m 
Nipping  speed  in  final  pass  =  n/ 
Then 

//  «=  /i  X  -^  X  c.  =  le:,  /i  where  iC, 


X  €. 
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and  asstiming  that  the  times  are  in  geometrical  progression  the 
total  time  of  the  N  passes,  tr,  is  given  by 


'.  -    rJf!!^-'"-  Zb'  -  -.1  ^^^-r^-^  1(10) 


\  "'f'  -  ■  1( 

L  Kjrr  -  1  J 


and 


tr{r-l)    _.._...   ^-' 


N-1  . 


also/iva  =  ^if^^"^  (12) 

The  Determination  of  the  Motor  Capacity 

For  a  continuous-running  mill  a  good  idea  of  the  size  of  motor 
necessary  may  be  obtained  from  the  average  value  of  torque, 
especially  where  heavy  flywheels  are  employed  and  the  fluctua- 
tions above  and  below  this  average  are  not  severe.  The  r.  m.  s. 
rating  of  the  motor  will  always  be  greater  than  its  average  output. 
This  is  considered  more  in  detail  under  flywheel  application  as  will 
be  shown  subsequently.  In  the  case  of  a  reversing  mill  the 
r.  m.  s.  value  of  armature  current  may  be  taken  safely  as  10  to 
15  per  cent  greater  than  that  value  of  ciurent  which  corresponds 
to  the  r.  m.  s.  torque  of  rolling.  This  additional  ciirrent  is  due 
to  accelerating  and  retarding  torque,  friction  torque,  and  to  the 
increase  in  ciurent  per  unit  torque  with  field-weakening  for  the 
top  speeds.  This  latter  should  not  be  over-emphasized,  for  field 
weakening  takes  place  at  relatively  low  values  of  torque. 

To  find  an  average  value  of  torque. 

From  (1) 


Tno  ^  KRAi  y-^f^zr  ^  'pr^J 


Also  /p  =  3 (for  contmuous  mill; 
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Therefore,  torque  X  time  for  iVoth  pass  is 

mKRAi  (g-  1) 
TC  d  n 

Now  ti  =  total  time  of  intervals 

/r  =  total  time  of  passes^  tz   =  U  +  tr 
,  ' .   Average  torque,  Ta 


L  T  an  tz  J 


Where  N  is  the  total  number  of  passes, 
and  since  d  —  2R 

^^  ^  r   SOKgAije-  l)N  -I  ^j3j 

L  IT  n  tz  J 

To  this  torque  is  added  the  average  friction  torque  to  find  the 
average  torque  exerted  by  the  motor. 

To  find  the  r.  m.  s.  torque, 

LetKRAi{e-l)=^Ci 

Then 


7--         ''" 

^      ~         ^No 

and  for  a  reversing  mill, 

tNo  -  tir^'-^ 

[see  (12)  above.] 

Therefore  torque-squared-time  for  the  iVoth 

pass  is 

^  (^P 

and  XT*tioT  N  passes  is 
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which  gives 


r.  m.  s.  T 


Ne 


[m 


If  torque  is  in  kg-m.  then 


r.  m.  s.  kg-m. 


=  38-^  WKo- 

h  e 


s/ 


t^^'i 


f 


-  1 


Where  d=  diameter  of  rolls 

l\  =  original  length  of  ingot 
W  =  weight  of  ingot  in  tons 
Ko  =  constant  for  rolling 

(force  per  unit  reduction.)  m 

i\  =  time  of  1st  pass, 
/x  =  time  of  cycle. 


.1  I  Lk 


BSVOUnOIB  FCRMINUTK 

Pic.  6 


In  applying  the  above  formulas  it  will  be  found  that  the  torques 
in  the  first  passes  will  be  excessive  and  those  in  the  last  smaller 
than  actually  occtu*  in  practise.  When  a  diagram  is  constructed 
the  necessary  corrections  should  be  applied.  As  previously 
stated  however,  the  aggregate  result  is  what  is  most  desired  and 
within  ordinary  limits  that  is  not  greatly  affected  by  what  may 
happen  in  any  one  pass. 

After  torque-time  and  speed-time  curves  have  been  prepared 
for  the  mill-motor  a  ciurent-time  curve  is  drawn.  This  is 
determined  from  a  motor  characteristic  curve  which  gives  cur- 
rent per  unit  torque  versus  speed,  as  shown  by  Fig.  6.  The  out- 
put of  the  mill-motor  is  given  for  every  instant  by  the  product 
of  the  torque  and  speed  curves,  and  to  this  output  are  added  the 
losses  which  aile  easily  detemMned  from  the  above  curves. 

In  this  manner  are  found  the  energy  diagrams  for  the  generators 
of  the  Ilgner  sets,  as  well  as  the  exciter  sets.     The  rating  of  these 
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machines  is  obtained  by  finding  the  r.  m.  s.  value  of  current  for 
armature  and  field  circuits  and  in  some  cases  the  average  iron 


)QIM(VI-3S(10H 


losses  throughout  the  cyde  of  operation.    A  typical  "h.  p.-time" 
diagram  for  a  reversing  mill  is  given  in  Pig.  7. 
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Flywheel  Application 
After  a  power-time  diagram  has  been  determined  upon  for  a 
continuous  mill  or  for  the  Ilgner  set  of  a  reversing  mill  the  next 
step  is  the  calculation  of  size  and  weight  of  wheel.     In  this  it  may 
<a  J1V0S) 

SNOI  3ftU3N    Nl  '□3HMA'U  iO  IHOGM 
g     S     g     S      §     § 
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J?      J^      JQ      8      J2      2 
tl33dS  Nl  dOda  iN33Had 

be  asstuned  that  all  peak  loads  above  the  average  will  be  carried 
by  the  wheel  and  that  energy  will  be  returned  during  the  intervals 
in  which  the  load  is  below  the  average.  The  amounts  of  energy 
which  the  flywheel  must  supply  (both  positive  and  negative)  are 
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added  algebraically  one  at  a  time  for  a  complete  cycle  of  retarda- 
tion and  acceleration  to  the  original  speed.  The  largest  numeri- 
cal valite  is  taken  as  that  which  the  fl3rwheel  must  supply  with  a 
given  speed  drop. 

The  necessary  weight  of  wheel  may  be  obtained  from 


W 


CE 


Kz^  V^  (2-  d)d 


(1) 


where 


W  =  weight  of  wheel. 

E  =  energy  delivered  with  total  drop  in  speed. 

Ks  =  ratio  of  diameter  of  gjn-ation  to  maximima  diameter 

V  =  maximum  peripheral  velocity  of  rim. 

d  =  fractional  drop  in  speed. 

Thus  if  £  is  in  horse-power- 
seconds,  V  in  meters  per  second 
and  d  in  per  cent  drop  in  speed 
divided  by  100,  I^  will  be  in 
metric  tons  for  a  value  of  C 
equal  to  1.491.  A  graphical  ap- 
plication of  the  formula  is  shown 
in  Fig.  8,  by  means  of  which  an 
idea  of  fly-wheel  weight  may 
readily  be  obtained. 

A  very  useful  way  of  express- 
ing flywheel  efficiency  is  by  the 
vertical  height  to  which  the  in- 
trinsic energy  of  the  wheel  would 
lift  its  weight  when  running  at 
maximiun  speed.  Fig.  9  gives  a 
ready  method  of  obtaining  the 
weight  of  the  wheel  necessary  for  various  designs. 

The  equation  just  given  shows  something  which  is  often  not 
apparent,  namely  that  the  speed  of  the  flywheel  shaft  does  not 
enter  into  the  weight  of  wheel  necessary,  provided  that  the  wheel 
be  so  designed  as  to  get  the  maximum  allowable  stresses  in  the 
rim. 

At  this  point  it  should  be  stated  that  there  are  many  other 
factors  which  might  influence  the  size  of  wheel  selected.  For 
example  if  an  induction  motor  with  slip-regulator  is  used,  in- 
creasing the  weight  of  the  wheel  means  not  only  an  increase  in 
capital  outlay,  but  also  in  constant  losses.     To  offset  this  there 
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Pig.  9 
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may  be  a  reduction  in  size  of  the  motor  due  to  a  more  constant 
output;  less  loss  in  the  slip-regulator  and  consequently  a  smaller 
one.  The  generators  may  be  designed  for  a  smaller  variation  in 
speed  and  the  maximum  demand  from  the  line  may  be  reduced. 
In  each  problem  the  total  cost  of  these  factors  in  pounds  sterling 
(or  dollars)  per  anntmi  shotdd  be  made  a  minimum.  Fig.  10 
illustrates  the  effect  upon  the  motor  peak  load  caused  by  a 
change  of  fl3rwheel  weight  or  the  speed  characteristics  of  the 
motor. 

The  opinion  is  often  expressed  that  a  mill  cannot  have  too 
large  a  wheel.  The  writer  has  in  mind  a  merchant  mill  where 
half  the  output  of  the  motor  is  used  continuously  to  keep  an 
excessively  large  fl3rwheel  running  with  the  result,  incidentally, 
that  the  ftdl-load  output  has  never  been  reached. 


IW 
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I  10  u  » 

(FULL  LOyiD  SUP  OP  lKm»)i 
OOTAL  IIOiflBfTOPmEirnA)^ 

(aoonhaiq) 
Pig.  10 


Referring  to  Fig.  11 

Let  Pp  =  power  of  the  peak  load. 

Pm  =  power  from  the  driving  motor. 
Pf  =  power  from  the  flywheel. 

In  general  the  above  quantities  can  be  expressed  as  follows: 

Pp  -  fv  it) 
Pm^Uin) 

where  /  stands  for  time  and  n  for  the  speed  of  the  flywheel  set. 
The  function  /p  (/)  is  obtained  from  the  power-time  curve  to 
which  the  fl3rwheel  set  is  to  be  applied  and/,»  (»)  from  the  speed 
characteristics  of  the  driving  motor. 
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Then  the  diflferential  equation  which  shows  that  the  instan- 
taneous rate  of  transfer  of  energy  to  the  generators  (or  to  the  nwll) 
is  equal  to  the  algebraic  sum  of  the  power  from  the  motor  and 
that  from  the  flywheel  is  given  by 

P^^P^^  Pf  (2) 

Now  a  very  common  application  is  that  in  which  fp  (/)  is  a 
constant  value  for  a  given  interval  of  time  and  in  which  the 
torque  of  the  motor  is  proportional  to  its  drop  in  speed  (or  slip 
in  the  case  of  an  induction  motor),  that  is 

P  =  If  (no  -  n)  n  =fc  /  n  4t  (3) 

a  t 

Equation  (3)  integrated  from  speeds  «i  to  n%  corresponding  to 
power  outputs  of  the  motor  Pi  and  P%,  gives 


2K 


[ 


1    p-  Pi 

log  -5— -5- 


■^  no/2(m-l)  +  n/     | 


a/7 


4P 


in  which  w  =  V  1 =? — r-  and  n©  is  the  synchronous  speed  of 

A  Wo 

the  motor. 

For  all  ordinary  calctdations  the  second  term  in  the  above 
equation  may  be  taken  as  equal  to  the  first.  Making  this 
assumption,  we  have 

Pt-^P-^-^^  (6) 

when  the  flywheel  is  decelerating,  and 


when  the  wheel  is  accelerating. 
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Prom  the  differential  equation  it  will  be  seen  that  all  terms 
are  expressed  as  power.     Therefore  in  the  case  of  an  induction 

P 


motor  K  will  be  given  as  K 


where  P  is  the  horse- 


nX5 

power  output  of  the  motor  at  speed  n  and  slip  5  (both  in  rev.  per 
min.).     /  is  a  constant  times  the  moment  of  inertia  of  the  fly- 

wheel.     Its  value  may  be  obtained  from  /  =  — ;-  in  which  E  is 

the  kinetic  energy  of  the  wheel  in  horse-power  seconds  when  the 
speed  is  in  revolutions  per  minute. 
From  this  the  time  constant 


I/K 


(EXs\ 
\nXP) 


(7) 


in  which  as  before  E  is  the  kinetic  energy  of  the  fl3rwheel  at  n 
rev.  per  min.  and  P  is  the  power  output  of  the  motor  with  slip  s 
and  speed  ».     Where  there  are  heavy  peaks  of  long  duration 

/ 


K 


will  have  a  value  of  many  seconds,  depending  also  of  course. 


upon  the  allowable  drop  in  speed.     On  the  other  hand  — j=-  may 

be  only  a  fraction  of  a  second  when  the  peaks  are  of  short  dura- 
tion and  infrequent. 

Very  often  the  torque  instead  of  the  power  which  is  supplied 
by  the  motor  and  fl3rwheel  may  be  expressed  as  a  fimction  of  the 
time  or  a  constant  value.  Thus  in  the  example  illustrated  in 
Fig.  12 

ci  +  c,  ^  =  r«  +  r. 


=  (no  -n)K'  ^r  ^ 


(8) 
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or 

r  =  c,  +  c,/  -  C2  -^  +  (ri  +  c,  -^  -  c\  r~'        (9) 


or  in  general  if  Tp 

=  /(0 

r-.--' 

[J- 

If  Tp  is  a  constant  value, 

then 

T  ^  Tf 

(10) 


(11) 


when  the  wheel  is  accelerating,  and 


T^Tp^-  ^'  J""  (12) 

when  the  wheel  is  decelerating. 

/'  I 

The  time  constant  -^  in  this  case  corresponds  to  — ^  in  the 

previous  discussion.  K'  is  the  torque  per  rev.  per  min.  drop  in 
speed  and  /'  is  the  torque  necessary  to  accelerate  the  wheel  one 
rev.  per  min.  per  unit  time. 

I' 

In  other  words  -^7-  is  the  time  required  for  the  motor  when 

exerting  a  constant  torque,  (assuming  that  this  be  possible)  to 
accelerate  the  wheel  over  a  range  of  speed  which  is  equal  to 
the  drop  below  synchronous  speed  necessary  to  produce  this 
torque  in  the  motor. 

When  an  induction  motor  is  used  in  conjunction  with  a  slip 
regulator  the  current  to  the  motor  is  limited  to  a  fixed  maximtun 
value.  Accordingly  when  the  maximiun  torque  of  the  motor  has 
been  reached  equation  (3)  is  modified  to  read 

P  =  K"nzkln^^  (13) 

at 
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the  solution  of  which  gives 

t  =  -^,  (ni  -nj) j-^^  P  X  (  log    p  '2  j^n  ^^  )       (1*) 

K"  is  the  ratio  of  the  h.p.  output  of  the  motor  to  its  speed  in  rev. 
per  min.  when  the  slip  regulator  conies  into  action. 

If  we  are  working  with  a  torque-time  diagram,  equation  (8) 
becomes 

T^  zfc  V^  =  ci  +  C2  /  (15) 

from  which 

db  (ni  -  nO  /'  =  (ci  -  rj  /  +  i  C2  /»  (16) 

When  a  flywheel  curve  has  been  plotted,  the  losses  in  the  slip 
regulator  may  be  obtained,  the  average  value  of  which  deter- 
mines the  size  of  the  regulator.  The  losses  in  the  driving  motor 
are  added  to  the  ordinates  which  give  the  output  of  this  motor 
and  from  the  area  of  the  resulting  curve  are  found  the  required 
units  per  ton.  In  plotting  flywheel  curves,  or  in  solving  any  of 
the  equations  given  in  which  exponentials  occur,  the  use  of  a 
log-log-slide-rule  is  recommended. 
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Discussion  on  "Some  Considerations  in  Determining  the 
Capacity  of  Rolling  Mill  Motors,  (Hamilton),  Cleve- 
land, Ohio,  March  8,  1918. 

A.  M.  Dudley:  One  thing  that  occurs  to  me  in  connection 
with  this  paper  is  the  effect  of  the  temperature  of  the  material 
in  the  roll  upon  the  power  required  to  roll  it.  It  is  evident  that 
the  layout  of  some  mills  allows  handling  the  material  more 
rapidly  from  the  furnace  to  the  finishing  pass,  and  hence  operates 
with  minimum  power  consumption  so  far  as  temperature  is 
concerned.  There  are  enough  similar  items  to  considerably 
modify  an  estimate  of  the  power  requirements,  as  determined  in 
this  paper. 

Also,  the  personal  characteristics  of  some  operators  demand  a 
greater  margin  of  available  power  than  othefs.  Ever  since  iron 
has  been  smelted  and  forged  and  worked  by  man,  the  processes 
have  been  handed  down  from  father  to  son,  and  the  successful 
mill  application  has  been  regarded  as  more  a  question  of  ex- 
perience than  scientific  investigation.  Nevertheless,  it  is  entirely 
possible  to  make  a  fair  preliminary  analysis  of  the  power  require- 
ment by  some  such  method  as  that  given  by  the  author,  and 
there  is  need  for  further  data  along  the  same  line.  The  only 
work  that  I  can  recall  on  this  subject  is  the  one  by  Dr.  Puppe 
published  several  years  ago. 

It  is  not  expected  that  a  new  mill  will  be  completely  laid  out 
entirely  along  theoretical  lines  as  to  power  consumption,  but  a 
fair  estimate  of  the  total  power  required  is  very  useful  for  other 
problems  in  the  installation.  There  are  two  considerations  that 
should  be  always  kept  in  the  foreground  in  applying  electric 
motors  to  mill  drive.  The  first  of  these  is  that  reliabtlity  is  the 
prime  consideration.  No  chance  must  be  taken  of  a  shut  down 
caused  by  an  overloaded  motor.  In  the  nattu^e  of  the  work,  a 
shut  down  in  an  iron  or  steel  mill  is  more  serious  than  in  almost 
any  other  industry.  The  cost  of  power  in  making  steel  cannot 
in  any  csise  exceed  25  per  cent  of  the  total  cost  of  production, 
and  is  lower  rather  than  higher.  If  this  is  the  case,  a  loss  in  all- 
day  efficiency  of  2  per  cent  or  3  per  cent,  due  to  the  main  driving 
motor  being  somewhat  under  loaded,  is  negligible,  if  it  makes  for 
greater  reliability  of  operation.  This  corlsideration  alone 
demands  a  liberal  factor  of  safety  in  selecting  the  motor.  The 
second  point  is  that  the  electrification  of  a  mill  usually  increases 
the  output  considerably,  and  the  increased  output  in  turn 
demands  more  power  in  the  motor  to  take  care  of  it. 

I  have  in  mind  a  mill  laid  out  for  ten  thousand  tons  of  steel  a 
month  where  fifteen  thousand  tons  is  regularly  rolled,  and  a  peak 
has  been  reached  where  twenty  thousand  tons  were  rolled  in  a 
single  month.  The  original  motor  was -applied  with  this  possi- 
bility in  mind  and  has  proven  adequate.  When  orders  are  in 
hand  and  production  is  rushed,  the  only  limit  is  the  mill  itself, 
and  the  maximum  tonnage  that  can  be  crowded  through  the 
mill  is  the  load  the  motor  will  be  called  upon  to  handle.     Both 
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of  these  considerations  call  for  great  liberality  in  the  selection 
of  the  motor  after  the  power  requirements  for  the  nominal 
tonnage  are  determined. 

C.  A.  Menk:  I  agree  heartily  with  what  Mr.  Dudley  has 
just  said.  About  a  year  ago  we  were  called  on,  with  about  two 
hours'  notice,  to  determine  on  the  size  of  a  motor  to  do  a  certain 
amount  of  work  in  a  mill  which  we  expected  to  build  in  f  o^ur  or 
five  months.  The  time  was  short,  and  we  did  not  have  the  data 
at  hand  which  would  tell  us  just  the  size  of  the  motor  we  should 
adopt. 

We  went  to  the  motor  manufacturing  companies,  in  a  hurried 
way,  and  got  their  ideas,  and  those  we  put  with  what  data  we 
had,  it  was  very^ittle,  largely  being  from  steam-driven  mills. 
One  man  would  say — **You  can  do  that"  and  would  show  us 
where  we  could  do  the  work  with  a  2000-h.p.  motor.  Another 
man  would  then  come  along  and  undertake  to  show  us  that  it 
would  take  a  3000-h.p.  motor  to  do  the  same  work.  Then  still 
another  would  come  along,  and  he  would  say — "It  will  taJke  a 
4000-h.  p.  motor  to  do  that  work"  There  must  be  something 
lacking  in  the  engineering  departments  of  the  manufacturing 
companies,  when  they  figure  on  this  class  of  work. 

Probably  a  great  deal  of  the  trouble  is  due  to  the  fact  that 
they  do  not  take  into  consideration  the  material  you  have  to 
roll,  the  temperatures,  etc. 

To  be  safe,  we  decided  we  would  build  a  mill  that  would  roll 
15,000  tons  a  month.  That  was  settled  on,  that  was  what  they 
wanted.  You  see,  when  they  made  up  their  minds,  that  that 
was  what  they  wanted  to  roll,  we  had  to  roll  it.  We  selected 
a  motor  of  4000-h.p.  The  mill  has  been  operating  for  about 
four  months,  with  an  output  of  about  15,000  tons,  and  then 
they  increased  the  output  of  the  mill  about  25  per  cent,  so  you 
can  see  where  we  would  have  been  if  we  had  taken  the  2000-h.p. 
motor. 

I  think  we  should  rate  these  motors  liberally,  so  you  can 
always  be  safe  in  doing  just  about  50  per  cent  more  than  you 
ever  expected  to,  because  you  will  be  called  on  some  time  to  do 
that  extra  work.  You  cannot  replace  the  motor,  but  you  can 
replace  the  mill.  You  can  tear  out  the  foundations  and  go 
ahead  and  build  in  a  larger  foundation.  If  you  break  a  couple 
of  brackets  made  of  cast  iron,  just  turn  around  and  make  them 
out  of  steel.  So  you  see,  I  think,  when  you  start  on  the  power 
end,  you  do  not  make  a  mistake  in  any  way,  Shape  or  form  by 
putting  on  plenty  of  capacity,  because  you  will  need  it.  If  four 
furnaces  do  not  do  the  work  and  keep  the  mill  operating  fully, 
build  another  furnace,  so  it  is  strictly  up  to  the  driving  unit, 
because  that  mill  is  sure  to  operate,  and  turn  out  steel,  and  if 
you  try  to  save  on  the  motor  you  are  trying  to  save  on  the 
wrong  end. 

N.  W.  Storer:  I  believe  it  is  wise  to  put  in  motors  amply 
large  for  the  work,  especially  if  it  is  to  go  into  steel  mill  work 
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where  so  little  reliable  calculation  can  be  made  as  to  require- 
ments. 

There  was  one  point  in  the  remarks  of  the  gentleman  who  has 
just  spoken,  Mr.  Menk,  in  regard  to  the  4000-h.  p.  power  motor, 
that  I  desire  to  refer  to.  He  says  that  they  increased  the  out- 
put 25  per  cent,  which  is  undoubted,  but  the  point  is,  how  much 
of  a  load  is  the  motor  taking  now  with  that  increase?  It  might 
only  have  been  taking  2000  h.  p.  previously,  and  is  now  getting 
that  25  per  cent  more.  It  would  be  interesting  to  know  just 
how  much  power  is  taken  by  the  motor  and  what  factor  of 
safety  remains. 

C«  A.  Menk:  In  the  steel  mill  it  is  a  question  of  doing  the 
work.  In  a  plate  mill  you  heat  the  slab  and  bring  the  slab  up  to 
the  mill.  The  first  time  the  slab  goes  through  the  mill  is  when 
you  get  big  load,  and  from  that  time  on  the  peaks  go  down.  At 
the  first  big  load,  or  maybe  the  second  pass,  or  the  third  pass, 
the  motor  may  run  up  to  4500  h.  p.,  but  by  the  time  the  slab  is 
finished  it  runs  down  to  2000,  and  that  is  where  the  large  motor 
comes  in,  with  a  good  big  liberal  figure,  to  allow  for  these  varia- 
tions. 

Wilfred  Sykes:  I  wish  to  take  issue  with  the  author  on 
the  same  line  as  some  of  the  other  speakers.  First,  on  the 
general  classification  he  says:  'In  any  roUing-mill  electrification 
the  paramount  problem  is  the  delivery  of  a  specified  tonnage  of 
steel,  of  which  the  grade  and  section  are  known,  at  a  minimum 
total  cost."  I  have  yet  to  meet  the  case  where  we  really  know 
the  reqtdrements.  We  always  start  oflf  with  certain  ideas  as  to 
what  is  desirable  to  roll,  and  these  ideas,  as  a  rule,  do  not  match 
up  at  all  with  what  we  actually  get  when  the  installation  is  made. 

Now,  the  basis  of  calculating  these  things  is  all  right.  You 
have  got  to  have  a  start  somewhere,  and  for  many  years  I  have 
been  conducting  experiments  and  tests  to  determine  a  basis  for 
calculations  of  this  kind.  We  started  in  about  nine  years  ago, 
and  we  are  still  testing  and  still  have  a  great  deal  to  learn. 

After  all,  these  tests  give  you  certain  unit  values,  but  you  have 
to  use  judgn:ient  in  applying  these  unit  values  to  your  problem. 
I  do  not  believe  it  makes  a  great  deal  of  difference,  what  par- 
ticular method  of  calculation  you  use,  so  long  as  you  talk  in  the 
same  terms  all  the  time. 

Now,  this  question  of  using  logarithmic  elongation  and  all 
that  sort  of  thing  has  been  discussed  quite  a  lot  amongst  steel 
engineers,  and  I  have  not  yet  been  able  to  see  that  it  made  any 
particular  difference,  so  long  as  you  plot  yotir  tests  in  the  units 
that  you  use. 

I  do  not  believe  anybody  who  has  been  through  this  business 
would  attempt  to  use  the  data  gotten  from,  say,  a  blooming 
mill  and  apply  it  to  a  rail  mill.  The  only  way  I  ever  found 
that  I  could  get  any  results  that  were  at  all  consistent  with 
actual  operating  figures  was  to  get  tests  on  a  blooming  mill,  if 
I  was  dealing  with  a  blooming  mill,  and  not  get  tests  on  some 
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other  mill,  such  as  a  plate  mill  or  rail  mill,  and  use  them  as  a 
basis  for  my  calculations  on  some  other  mill  operation. 

Mr.  Meiik  brought  out  one  point  very  well,  and  I  would  like 
to  enlarge  upon  it  a  little  bit.  We  start  off  with  some  ideas  as 
to  what  the  demand  is  to  be.  Take  the  case  of  this  plate  mill, 
we  want  to  roll  15,000  tons  a  month.  That  15,000  tons  a 
month  is  absolutely  nominal,  and  not  a  real  figure.  What  they 
will  roll  is  all  they  can  put  through  the  mill,- if  they  have  the 
business,  and  if  we  are  to  get  anywhere,  and  successfully  apply 
motors  to  nwU  drive,  we  must  study  not  only  the  figures  given 
us  by  the  superintendent  of  the  mill,  but  all  other  data  that  are 
available.  The  difficulty  has  been,  however,  to  get  steel  mill 
people  to  put  these  things  down  on  paper.  You  can  get  all 
kinds  of  statements  based  on  some  plant  and  the  number  of  tons 
of  steel  they  roll.  We  are  putting  in  a  better  mill  than  they 
have  and  we  should  get  much  more,  but  to  get  that  down  to  a 
time  study,  or  something  of  that  kind,  is  extremely  difficult. 
The  electrical  engineer  has  been  forced  to  come  in  and  study 
this  problem. 

The  only  use  all  this  calculation  would  be  is  as  a  guide  to 
judgment.  These  conditions  in  the  steel  mills  are  not  subject 
to  definite  schedules,  etc.,  as  outlined  in  a  paper  of  this  kind. 
Take  the  blooming  mill,  there  the  passes  are  not  fixed,  you  are 
in  the  hands  of  the  operator,  and  the  operator  can  run  the  mill 
pretty  well  any  way  he  wants  to,  and  usually  it  differs  from 
some  other  mill,  being  possibly  an  advance  in  the  art  of  mill 
building — and  then  you  have  to  face  new  conditions,  and  your 
success  depends  on  the  value  of  your  judgment.  We  find 
sometimes  that  judgment  in  these  cases  is  on  a  par  with  a  pure 
guess,  but  the  thing  you  are  up  against  is  they  will  put  through, 
if  they  have  the  business,  everything  that  mill  can  handle.  If 
the  limit  of  it  is  in  some  mechanical  part  of  the  mill,  that  will  be 
strengthened  and  eventually  it  will  be  put  back  on  the  motor 
or  engine. 

In  the  development  of  engines  the  work  has  been  empirical. 
They  find  a  certain  blooming  mill  had  a  48  in.  by  56  in.  engine, 
and  the  mill  stood  up,  but  the  engine  let  go.  Next  they  put  in 
a  55  in.  by  60  in.  engine,  and  when  they  get  to  a  point  when 
everything  lets  go  simultaneously,  and  the  parts  cannot  be 
strengthened  up  any  more,  then  the  engine  was  all  right. 

That  has  been  going  on  ever  since  we  began  rolling  steel,  and 
the  mill  engineers  in  this  country  have  reached  a  point  where,  if 
they  have  a  blooming  mill,  they  can  pretty  well  tell  what  kind 
of  engine  it  should  be,  without  any  calctilation  at  all.  They 
know  with  a  certain  size  blooming  mill  it  takes  a  certain  size 
engine  to  push  the  metal  through.  As  the  art  progressed  they 
made  the  parts  larger,  and  got  to  a  point  where  the  engine  would 
hold  together.  That,  however,  is  not  absolutely  true,  because 
in  the  case  of  some  of  the  largest  engines  which  were  put  in,  it 
came  to  a  point  where  the  crank  shafts  could  not  be  made  larger 
on  account  of  forging  facilities. 
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When  we  came  to  motors,  starting  in  that  subject  anew,  we 
had  to  go  through  more  or  less  of  that  same  experience.  If  we 
are  good  engineers,  we  try  to  gather  all  the  data  we  can  and 
utilize  the  information  given  us  by  the  steel  mills,  and  are  enabled 
thereby  to  form  a  fairly  good  judgment  as  to  what  the  equipment 
should  be. 

But  the  point  I  want  to  bring  out  is  that  the  calculations  are 
only  the  first  step.  These  figures  must  not  be  accepted  at  their 
face  value.  The  engineer  who  believes  in  figures  will  not  get 
very  far.  They  are  a  guide  to  judgment  only,  and  experience 
must  be  gathered  in  different  plants  to  determine  the  actual 
size  of  the  motor  to  be  used,  and  in  a  case  such  as  Mr.  Menk 
mentioned,  where  the  capacity  increased  25  per  cent,  I  am  willing 
to  predict  when  the  plant  has  run  another  year,  it  will  be 
another  25  per  cent,  and  it  may  be  five  years  from  now  the 
motor  will  be  the  limiting  feature.  This  is  our  normal  experi- 
ence, and  if  for  instance  the  tables  are  slow  they  will  be  speeded 
up  and  they  will  change  all  the  small  parts,  and  eventually  get 
to  a  point  where  the  mill  will  break  or  the  motor  will  reach  its 
limit. 

That  is  the  condition  met  with  in  steel  mills. 

There  is  one  other  condition  we  meet,  and  that  is  when  we 
change  over  from  steam  to  electric  drive  we  introduce  different 
characteristics  in  the  operation  of  the  mill,  which  people  find 
out  and  utilize,  so  if  the  motor  has  more  favorable  charac- 
teristics, which  make  a  larger  output  possible,  they  will  forget 
what  the  engine  did  and  establish  a  new  standard  for  the  motor. 

The  question  of  rating  has  caused  a  good  deal  of  confusion  in 
the  past.  We  started  out,  frankly  not  knowing  anything  about 
the  subject,  and  rated  the  motors  35  deg.  continuous,  and  25  per 
cent  overload  continuous,  with  50  deg.  temperature  rise,  and  I 
think  what  we  want  to  do  is  to  stop  fooling  ourselves  on  the 
question  of  ratings.  We  have  gained  experience  in  the  mean- 
time, and  we  ought  to  face  the  fact  that  if  it  takes  1250  h.  p. 
to  drive  the  mill,  we  ought  to  have  a  1250-h.  p.  motor  to  drive 
it,  and  not  call  it  1000-h.  p.,  because  it  is  easier  to  get  through 
the  purchase  of  a  1000-h.  p.  motor,  because  it  does  not  sound  so 
much.  We  ought  to  face  the  situation  and  try  to  arrive  at 
what  is  the  right  equipment,  taking  into  consideration  not  only 
the  problem  as  presented  by  the  builder  at  the  time,  but  also 
what  it  is  possible  to  put  through  the  mill,  because  it  is  the 
business  that  will  actually  fix  the  character  of  the  equipment 
sooner  or  later,  and  not  the  nominal  figures  that  are  so  common 
in  many  calculations  of  this  kind. 
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SELECTION  OF  STEEL  MILL  AUXILIART  MOTORS  AND 

CONTROL  AS  AFFECTED  BT  MECHANICAL 

FEATURES  OF  THE  DRIVE 


BY  J.  D.  WRIGHT 


Abstract  of  Paper 

The  author  describes  manipjulators  for  blooming  mills,  which 
consist  of  side  guards  and  lifting  fingers,  the  former  bdn^  used 
to  guide  the  bloom  into  the  proper  groove  in  the  rolls  wh^le  the 
latter  are  used  for  turning  the  bloom  over.  The  functions, 
mechanical  layout  and  operation  of  these  manipulators  are  de- 
scribed, from  which  conclusions  are  drawn  as  to  the  size  and 
type  of  motors  as  well  as  the  type  of  control  best  suit^  for 
driving  these  auxiliaries. 


USUALLY  the  first  questions  which  one  is  likely  to  ask  when 
considering  the  proper  type  of  motor  and  control  for  any 
steel  mill  auxiliary  machine,  are,  "What  is  its  function;  what  is 
the  mechanical  layout,  and  how  does  the  device  operate?" 
Without  a  thorough  knowledge  of  the  answers  to  these  questions 
one  is  unable  to  make  an  intelligent  recommendation  on  the 
application  of  either  motors  or  control. 

When  discussing  Standardization  of  motors  and  control  at  a 
meeting  of  the  A.  I.  and  S.  E.  E.  in  Pittsburgh  about  a  year  ago, 
Mr.  Friedlander,  of  the  Carnegie  Steel  Co.  said,  "What  we  need 
is  more  papers  descriptive  of  installations  and  operation  of  our 
mills.  In  such  a  way  we  would  gradually  get  uniform  ideas 
about  general  requirements  at  all  our  mills  and  thereby  drift 
toward  a  stable  system  of  standardization."  The  Proceedings 
of  the  A,  I.  E.  E.  and  A.  I.  and  S.  E.  E.  contain  very  few  papers 
describing  installations  and  operation  of  steel  mill  auxiliary 
apparatus  and  the  writer  heartily  agrees  with  Mr.  Friedlander's 
remarks  regarding  the  need  of  such  descriptive  articles. 

It  is,  therefore,  the  purpose  of  this  paper  briefly  to  describe  a 
few  steel  mill  auxiliary  machines  with  particular  reference  to 
their  mechanical  details. 
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Manipulators  for  blooming  mills  consist  of  side  guards  and 
lifting  fingers.  The  function  of  the  former  is  to  guide  the  bloom 
into  the  proper  groove  in  the  rolls  while  the  latter  are  used  for 
turning  the  bloom  over. 

A  reversing  mill  is  usually  provided  with  four  moving  side 
guards  two  on  each  side  of  the  mill,  one  guard  on  the  side  of  the 
mill  with  the  operators  pulpit  being  provided  with  the  lifting 


Pig.  2 — Operating  Mechanism  for  Manipulator  Side  Guards 

fingers.  Occasionally  a  set  of  lifting  fingers  is  provided  on  each 
side  of  the  mill,  but  as  the  bloom  is  usually  turned  only  on  the 
pulpit  side,  fingers  are  more  commonly  provided  only  on  that  side. 
'  Fig.  1  is  a  general  view  of  the  entering  side  of  a  reversing  bloom- 
ing mill  equipped  with  electrically  operated  manipulators. 
The  two  side  guards  are  clearly  shown  and,  on  close  inspection, 
the  lifting  fingers  may  be  seen  just  inside  the  left  hand  guard. 
Each  side  guard  on  the  entering  side  of  the  mill  is  connected 
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JJ^iG.  1— Blooming  Mill  with  ELECtpiCALLY  Operateo  Manipulators 
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Fig.  3 — General  View  of  Operating  Mechanism  for  Manipulator 
Fingers  and  Side  Guards 


[WRIGHT] 

Fig.  5 — View  of  Blooming  Mill  with  Electrically  Operated 
Manipulator  Fingers  and  Side  Guards 
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by  suitable  mechanical  means  to  the  corresponding  guard  on  the 
delivery  side,  so  that  the  right  hand  and  left  hand  guards  on 
opposite  sides  of  the  mill  always  have  the  same  movement  and 
are  always  in  line. 

Fig,  2  shows  one  method  of  mechanical  connection  between  the 
motors  and  the  side  guards.  Two  motors,  one  on  each  side  of 
the  mill,  are  geared  through  sUp  clutches  to  a  common  shaft  on 
which  are  mounted  four  pinions  which  engage  with  four  racks. 
Two  of  the  racks  are  attached  to  one  guard  on  the  entering  side 
and  the  other  two  to  the  corresponding  guard  on  the  delivery 
side  of  the  mill. 

The  remainijpg:  two  guards  on  opposite  sides  of  the  mill  are 
similarly  operated  by  a  second  pair  of  motors.  The  racks  are 
supported  by  rollers  and  mechanical  stops  are  provided  to  limit 
their  outward  movement. 

Fig.  3  is  a  view  of  the  same  mill  shown  in  Fig.  1  but  gives  a 
more  detailed  view  of  the  side  guard  mechanism. 

As  previously  stated,  the  function  of  the  side  guards  is  to  guide 
the  bloom  into  the  proper  groove  in  the  rolls.  The  operation 
of  the  guards  during  the  process  of  rolling  an  ingot  consists, 
therefore,  of  many  fast,  short  movements  back  and  forth  across 
the  table.  Each  guard  on  one  side  of  the  mill  can  move  inde- 
pendently of  the  other  and  can  make  a  stroke  equal  to  the  width 
of  the  table.  It  is  possible  therefore  for  the  guards  when  moving 
inward  to  come  together  or  against  the  ingot  at  full  speed.  It  is 
the  function  of  the  slip  clutch  to  prevent  damage  as  a  result  of 
such  action  should  the  operator  be  careless  enough  to  allow  it  to 
occur. 

The  motor  equipment  for  the  side  guards  illustrated  in  Figs. 
1  and  3  consists  of  four  80-h.  p.  series  motors,  two  connected  in 
series  driving  each  pair  of  guards.  Satisfactory  operation  of  the 
guards  requires  rapid  acceleration  and  retardation,  and  for  such 
service  series  motors  are  most  desirable.  Some  installations, 
however,  use  compound  wound  motors,  primarily  because  dy- 
namic braking  for  stopping  was  desired.  Furthermore,  solenoid 
brakes  are  sometimes  used  to  assist  the  dynamic  braking.  In 
the  equipment  illustrated,  neither  dynamic  braking  nor  solenoid 
brakes  are  used.  When  a  quick  stop  is  desired  the  motors  are 
plugged.     The  equipment  is  therefore  extremely  simple. 

The  control  for  each  pair  of  motors  is  of  course  reversible  and  is 
arranged  so  that  a  bank  of  resistance  is  permanently  connected 
in  series  with  the  motor  armatures.     This  acts  as  a  buffer  and 
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reduces  the  shcx:k  when  the  gxiards  jam  together  or  against  the 
ingot.  A  one-point  reversible  master  controller  is  used  for  each 
pair  of  motors.  Limit  switches  are  provided  for  cutting  off 
power  when  the  side  guards  are  moved  to  the  edge  of  the  table. 
These  limit  switches  are  usually  of  the  track  type  and  are  oper- 
ated by  movement  of  the  rack.  A  geared  switch  might  be  used 
but  the  track  type  switch  is  much  simpler  and  more  positive  in 
action. 

The  lifting  fingers,  which  are  used  for  turning  the  bloom  over, 
are  carried  by  a  frame  attached  to  the  two  inside  racks  con- 
nected to  one  of  the  side  guards.  They  therefore  move  back  and 
forth  with  the  guard.  See  Fig.  4.  The  fingers  are  located  just 
inside  the  guard  and  their  lower  ends  are  pinned  to  a  yoke  which 
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Fig.  4 — Operating  Mechanism  for  Manipulator  Fingers 

is  suspended  from  two  horizontal  shafts  by  means  of  two  links 
and  levers.  The  two  horizontal  shafts,  which  are  supported  by 
bearings  in  the  finger  frame,  are  connected  through  cranks  to  a 
common  driving  shaft.  On  this  shaft  is  mounted  a  large  gear  to 
which  the  two  driving  motors  are  geared.  It  is  evident  that 
one-half  revolution  of  the  main  driving  shaft  in  either  direction 
from  the  position  shown  in  Fig.  4  will  produce  a  complete  up 
stroke  of  the  lifting  fingers.  Another  one-half  revolution  would 
produce  a  complete  down  stroke  and  return  the  fingers  to  their 
original  position. 

The  motors  may  therefore  be  either  reversible  or  non-re- 
versible. Successful  installations  of  each  have  been  made. 
When  a  non-reversing  equipment  is  used,  one  complete  cycle 
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consists  of  an  up  and  down  stroke  of  the  fingers.  When  a  re- 
versing equipment  is  used  forward  direction  of  rotation  may  pro- 
duce the  up  stroke  and  reverse  rotation  the  down  stroke. 

The  motor  equipment  illustrated  in  Figs.  3  and  5  consists  of 
two  50-h.  p.  series  motors  connected  in  series,  operating  non- 
reversing.  For  each  throw  of  the  operator's  master  controller  a 
complete  up  and  down  stroke  of  the  fingers  is  produced.  The 
motors  are  automatically  stopped  at  the  end  of  the  down  stroke 
by  a  limit  switch  which  cuts  off  power  and  completes  a  dynamic 
braking  circuit. 

The  dynamic  braking  connections  for  a  series  motor  operating 
non-reversing  are  comparatively  simple.  Where  reversible 
control  is  used,  a  compound  wound  motor  is  preferable  if  dy- 
namic braking  is  desired,  as  the  control  connections  are  simplified. 
Solenoid  brakes  are  required  if  the  equipment  is  reversible, 
whereas  if  non-reversible,  no  brakes  are  necessary.  It  has  at 
times  been  stated  that  the  operator  should  be  able  to  control  the 
stroke  of  the  fingers.  This  of  course  necessitates  the  use  of 
reversible  control,  but  the  movement  of  the  fingers  is  so  rapid 
that  it  very  frequently  happens  that  the  fingers  make  a  complete 
up  stroke  before  the  operator  throws  his  master  controller  to  the 
reverse  position  to  lower  them. 

It  has  been  shown  that  for  the  side  guards  shown  diagrammatic- 
ally  in  Fig.  2  a  reversible  equipment  must  always  be  provided. 
The  motors  may,  however,  be  either  series  or  compound  wound. 
Dynamic  braking  and  solenoid  brakes  may  or  may  not  be  used. 
The  operator's  master  controller  may  be  one-point  reversible  or 
multi-point  reversible.  Track-type  limit  switches  or  geared 
limit  switches  to  limit  the  movement  of  the  side  guards  may  be 
used. 

For  the  lifting  fingers  in  Fig.  4  it  has  been  shown  that  the 
equipment  may  be  either  reversible  or  non-reversible.  The 
motors  may  be  either  series  or  compound  wound.  Dynamic 
braking  and  solenoid  brakes  may  or  may  not  be  used.  The 
operators  master  controller  may  be  one-point  or  multi-point 
reversible  or  non-reversible.  The  limit  switch  may  be  arranged 
to  stop  the  motors  when  the  fingers  are  at  the  end  of  their  down 
stroke  if  the  control  is  non-reversible,  and  if  reversible  the  limit 
switch  may  be  used  to  stop  the  motors  with  the  fingers  in  both 
up  and  down  positions. 

There  must,  however,  be  one  method  of  operating  these  devices 
which  is  superior  to  all  others.     What  this  method  may  be  can 
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be  determined  only  from  actual  operating  experience,  and  it  is  to 
the  steel  mill  electrical  engineers  that  we  must  look  for  the  results 
of  such  experience  The  writer  sincerely  hopes  that  Mr.  Fried- 
lander's  suggestion  may  be  followed  and  that  we  may  have  more 
papers  on  installations  and  operation  of  auxiliary  drives. 
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Discussion  on  "Selbction  of  Steel  Mill  Auxiliary  Motors 
AND  Control  as  Affected  by  Mechanical  Features 
of  the  Drive"  (Wright),  Cleveland,  Ohio,  March  8, 
1918. 

E.  Friedlaender:  I  prefer  using  two  standard  mill-type 
motors,  connected  in  series  for  quick  reversing  work,  in  place  of 
one  special  low-speed  motor  which  is  hard  to  get  during  these 
times  and  also  quite  expensive. 

To  be  able  to  raise  and  lower  these  heavy  lifting  tables  quickly 
and  accurately,  it  is  important  that  they  are  properly  counter- 
balanced. Our  table  operators  demand  that  the  controller  allows 
them  to  stop  and  reverse  machine  at  will  in  any  position;  this 
in  order  to  gain  time  and  avoid  wrecks. 

C.  A.  Menk:  I  was  very  much  interested  in  Mr.  Wright's 
presentation  especially  where  he  showed  all  the  mechanism,  with 
a  150-horse  power  motor  operating  the  side  guards  and  the  lifting 
arrangement.  It  all  looked  to  me  as  if  they  were  going  to 
extremes. 

I  spoke  this  afternoon  on  large  mill  motors.  We  have  that 
very  same  mill  equipped  and  doing  that  same  work,  and  we 
have  practically  the  same  problems,  the  tilting,  etc.,  and  we  do 
it  all  hydraulically,  using  one  40-h.  p.  motor,  and  getting  all  the 
service  we  want  out  of  the  mill.  It  looks  to  me  as  if  in  installing  all 
of  that  lifting  mechanism,  we  are  going  to  extremes  in  what  We 
are  trying  to  accomplish.  I  may  be  wrong,  but  I  would  imagine 
the  expense  of  upkeep  would  be  considerable. 

As  to  the  tilting  arrangement  for  unloading  the  tables,  I  can- 
not see  any  particular  advantage  in  that,  especially  in  connection 
with  the  plate,  for  in  turning  out  plate  you  are  probably  rolling 
on  a  thousand  different  orders  a  week.  Now,  you  have  got  to 
sort  that  product  out,  so  you  can  make  shipment  in  carload  lots 
and  you  must  pile  it  up  all  over  the  floor  until  you  get  a  carload. 
The  mill  operator  may  have  nine  different  places  where  he  is 
going  to  handle  that  table.  He  would  have  to  start  right  away 
and  assemble  and  sort  out  right  from  those  different  piles. 

I  cannot  just  see  the  possibility  of  using  nine  different  places 
to  assemble  these  plates  and  get  them  ready  for  shipment.  It 
may  be  done  where  you  roll  one  class  of  product  for  cars,  or  in 
case  of  ship  plate,  to  continually  roll  that  one  class  of  material. 
But  I  see  every  day,one  plate  rolled  for  a  ship  and  the  next  day  one 
rolled  for  a  boiler,  and  the  next  plate  rolled  for  a  car,  and  so  on. 
You  look  over  the  shop  floor  and  you  find  it  covered  continu- 
ally with  small  piles  of  plates,  and  some  of  it  would  be  there  for  a 
week  before  you  can  ship  it,  and  some  longer  than  that.  So  it 
seems  to  me  the  unloading  arrangement  might  be  all  right,  in 
some  cases,  but  for  a  mill  where  you  expect  to  cater  to  the  trade 
and  furnish  everything  you  get  an  order  for,  it  would  be 
almost  impossible. 

Also,  in  regard  to  the  tilting  table,  I  cannot  see  why  they  want 
to  lift  that  whole  table  from  the  one  end.     There  is  no  reason 
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why  that  table,  as  far  as  I  know,  cannot  be  balanced  in  the 
middle  and  could  balanced  with  a  very  small  amount  of 
power.  Some  of  the  slides  showed  the  double  hinge  at  one  end, 
if  I  am  not  mistaken,  the  motor  at  the  other  end,  practically 
lifting  half  of  the  table,  whereas  if  it  was  balanced  in  the  middle, 
all  you  would  need  to  do  would  be  to  over  balance  it  to  get  the 
desired  results. 

There  are  many  of  these  things  which  I  believe  can  be  brought 
out  by  a  very  careful  study,  and  especially  in  the  elimination  of 
excessive  mechanism  in  order  to  try  to  accomplish  something 
that  you  can  do  with  a  very  small  amount  of  power,  even  if  you 
have  to  go  back  to  the  motor-driven  hydraulic  pump. 

T.  E.  Tynes:  I  want  to  bear  out  what  Mr.  Friedlaender 
mentioned  about  standard  motors  in  series  rather  than  one 
special  motor  of  the  same  speed.  I  had  occasion  to  look  into  a 
problem  that  required  a  200-h.  p.  motor  to  drive  a  table.  We 
fotmd  by  using  two  standard-speed  motors  connected  in  series 
that  the  cost  of  the  two  was  little  more  than  the  cost  of  the 
special  motor,  and  we  had  the  benefit  of  two  standard  motors  in 
series,  for  which  we  had  all  the  necessary  spare  parts,  and  were 
not  obliged  to  buy  spares  for  that  drive. 

H.  S.  Richardson:  I  was  interested  in  Mr.  Wright's  citation 
of  the  case  of  the  controller  with  the  manipulator  sideguards. 
In  most  of  the  cases  I  know  of,  brakes  have  been  used, 
as  there  is  a  great  deal  of  momentum  in  these  side  guards, 
and  it  seems  to  me  that  if  brakes  are  omitted  it  means 
that  every  motion  of  the  side  guards  has  got  to  be  stopped  by 
plugging.  That  is  perfectly  safe  and  is  used  a  great  deal,  but 
on  account  of  the  very  frequent  and  short  moves  of  these  side 
guards  it  is  putting  on  the  operator  additional  work  that  can  be 
eliminated  by  putting  on  larger  brakes.  It  does  not  necessarily 
complicate  the  mechanism,  except  by  the  addition  of  the  brakes 
themselves  which,  of  course,  are  series  wound  and  are  set 
electrically. 

Mr.  Wright  also  mentions  in  his  paper  a  permanent  resistance 
in  the  side  guard  motors,  which  act  as  a  buifer.  It  seems  to  me 
it  is  preferable  to  get  that  result  by  the  use  of  a  torque-limit,  or 
jam  relay,  unless  the  mill  is  laid  out  and  the  motor  gearing 
designed  with  that  idea  in  view.  I  know  of  one  case  where  the 
permanent  resistance  did  not  work  satisfactorily,  because  they 
could  not  get  the  torque  and  the  speed.  The  torque-limit 
relay,  simply  as  an  over-load  relay,  inserts  the  resistance  per- 
manently in  the  circuit  when  the  torque  exceeds  a  certain  amount. 

With  regard  to  the  manipulator  fingers,  Mr.  Wright  made 
mention  of  the  fact  that  they  could  be  either  non-reversing  or 
reversing.  In  the  case  where  they  are  reversing,  the  up  motion 
is  sectired  in  one  direction — the  up  motion  of  the  fingers — ^and 
the  down  motion  in  the  opposite  direction  to  the  motor.  It  is  a 
very  simple  matter  to  get  the  up  and  down  motion  in  each  direc- 
tion of  the  motor,  by  simply  allowing  the  crank  to  make  a  corn- 
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plete  rettim  for  one  up  and  down  motion,  and  the  next  cycle  is 
in  the  opposite  direction.  In  a  few  cases  that  has  simplified  the 
equipment  from  the  operator's  standpoint  and  it  is  not  at  all 
necessary  to  use  a  brake  for  that  reversing  operation.  In  fact, 
it  is  much  more  satisfactory  without  the  brake,  providing  the 
finger  mechanism  is  not  counter-balanced,  but  has  the  natural 
position  of  the  fingers  down,  and  simply  make  one  complete  turn 
in  one  direction,  and  the  next  turn  in  the  other  direction. 

Another  point  in  connection  with  the  fingers.  There  is 
scarcely  any  installation,  I  believe,  where  it  is  not  sometimes 
necessary  to  reverse  the  finger  motor.  Very  frequently  the 
fingers  stick  in  their  bearings,  sometimes  from  expansion  by  heat 
or  because  of  shale,  and  it  is  desirable  to  be  able  to  reverse  these 
fingers. 

I  think  the  problems  that  have  confronted  electrical  en- 
gineers on  the  manipulator  fingers  and  side  guards,  at  least 
in  the  earlier  designs,  were  made  considerably  harder  by  the 
fact  that  so  little  gear  reduction  has  been  put  between  the  motor 
and  the  load.  I  know  of  one  case  where  the  travel  of  the  side 
guard  is  72  inches,  and  the  motor  made  6 . 7  revolutions  for  that 
complete  travel.  Also,  one  of  the  hardest  problems  on  the  side 
guards  is  the  stopping  of  the  motor,  because  it  is,  of  course, 
necessary  to  clear  the  pass,  and  there  is  generally  less  than  an 
inch  or  two,  sometimes  only  a  fraction  of  an  inch,  clearance 
between  the  position  where  the  side  guard  clears  the  pass  and 
the  final  positive  stop 

If  the  mechanical  engineers  would  only  appreciate  these  points 
and  give  us  a  little  more  clearance,  it  would  simplify  matters 
very  much.  It  is  a  hard  thing  to  get  the  extra  clearance  on  the 
side  guards,  particularly  if  the  side  guards  have  to  extend  inside 
the  mill  housing.  I  have  met  a  number  of  cases  where,  if  the 
electrical  engineer  had  only  pointed  out  to  the  mechanical 
engineer  what  the  problem  was  going  to  be,  he  could  have  very 
easily  had  an  extra  clearance. 

B.  G.  Beck:  I  would  like  to  ask  Mr.  Menk  if  he  has  charge  of 
all  of  the  hydraulic  machinery  in  the  winter  time?  I  have 
charge  of  that,  and  it  is  quite  a  job.  I  am  a  great  believer  in  the 
idea  that  if  a  thing  can  be  done  at  all  it  can  be  done  electrically 
better  than  any  other  way, 

G.  E.  Stoltz:  In  reference  to  the  high-speed  and  low-speed 
motor,  for  the  various  mill  auxiliaries — the  mill-type  motor,  as 
applied,  with  small  diameter  and  a  low  inertia,  does  not  leave 
as  much  to  be  gained  by  going  to  the  low-speed  motor  as  would 
be  expected.  In  fact  not  more  than  10  or  15  per  cent  is  gained 
in  the  current  consumed  to  perform  the  same  operation  by 
installing  a  special  low-speed  motor,  which  is  not  a  duplicate  of 
other  motors  in  the  mill,  and  which,  naturally,  is  harder  to 
handle  in  case  of  repairs. 

Mr,  Wright  has  mentioned  several  cases  where  motors  may 
be  used  in  either  parallel  or  series.     I  am  sorry  he  did  not  give 
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the  results  attained  in  using  the  motors  according  to  the  two 
different  schemes.  It  is  simply  a  matter  of  whether  the  applica- 
tion is  such  that  the  inertia  of  the  motor  is  a  large  percentage  of 
the  work  performed.  On  a  screw-down,  the  inertia  of  the  motor 
is  a  large  part,  and  in  order  to  reduce  that  part  of  the  load,  the 
motors  are  placed  in  series  to  reduce  their  speed  to  one-half.  On 
drives  such  as  main  tables  or  heavy  side-guards,  this  is  not  the 
case,  and  it  would  be  better  to  place  the  motors  in  parallel,  if  it 
is  desired  to  obtain  the  highest  rates  of  acceleration  and  opera- 
tion. However,  if  no  effort  is  made  to  obtain  this  quick  accelera- 
tion, it  is  naturally  easier  on  the  motors  to  have  them  plac^  in 
series. 

I  have  in  mind  a  case  where  an  effort  was  made  to  bring  a 
large  mill  table  up  to  speed  in  one  and  one-quarter  seconds,  by 
placing  the  motors  in  parallel.  A  speed  of  400  ft.  per  min.  on 
the  main  table  of  a  40-in.  mill  was  obtained  in  this  time  with  two 
mill-type  motors  in  parallel.  On  the  side  guards  a  speed  of  200 
ft.  per  min.  was  obtained  in  one  second.  We  should  not  overlook 
the  fact  that  on  many  applications,  the  inertia  of  the  motor  is 
rather  a  small  part  of  the  load  and  a  much  faster  mill  will  be 
obtained  by  placing  the  motors  in  parallel. 

The  question  has  been  brought  up  as  to  whether  brakes  should 
be  placed  on  side  guards.  Most  of  these  applications  of  side 
guards  and  screw-downs  are  inching  operations,  where  it  is 
important  to  have  a  qtiick  and  acciu^ate  stop,  particularly  when 
a  man  is  using  the  side-guard  to  line  a  piece  up  with  some  particu- 
lar groove  in  the  mill.  This  can  be  obtained  to  a  much  greater 
degree  of  accuracy  by  having  compound  motors  and  dynamic 
braking.  I  think  most  of  these  motors  are  almost  always 
brought  to  rest  before  the  brake  sets,  although  it  is  an  advantage 
to  have  a  brake  take  effect  just  about  the  time  the  motor  stops, 
when  the  dynamic  braking  is  becoming  very  weak,  so  that  prob- 
ably the  last  operation  is  obtained  by  a  combination  of  dynamic 
braking  and  shoe  brakes. 

Another  man  has  mentioned  the  fact  that  a  jamming  relay 
will  be  of  some  advantage  on  side-guard  motion.  The  operation 
of  a  side-guard  is  so  quick  that  a  jamming  relay  will  not  have 
time  to  act.  A  better  plan  is  to  place  permanent  resistance  in 
series  with  the  motors,  to  limit  the  current  to  approximately 
200  per  cent,  with  the  motor  at  stand-still.  With  this  amount 
of  resistance,  the  speed  of  the  motor  is  reduced  so  that  in  lajring 
out  the  mill  this  should  be  taken  into  account. 

A  number  of  gentlemen  have  asked  whether  or  not  it  is 
feasible  to  use  reversible  control  on  the  fingers.  Ordinarily  it  is 
not  required,  but  as  the  last  speaker  mentioned,  very  often 
operators  have  trouble  with  the  fingers,  in  which  case  they  want 
to  reverse  the  fingers,  and  for  that  reason  reversing  control  is 
usually  applied.  I  know  of  one  mill  where  the  operator  became 
so  expert  in  manipulating  the  fingers  that  he  simply  throws  on 
the  switch  to  the  forward  position,  allows  the  fingers  to  turn 
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partly  over,  and  turns  them  back  quickly,  without  allowing  them 
to  make  a  complete  cycle. 

J.  D.  Wright:  Regarding  the  use  of  jamming  relays  on  side 
guards,  I  believe  the  installation  I  showed  was  equipped  with  a 
jamming  relay  to  start  with,  but  the  electrical  engineer  in  that 
particular  plant  found  that  unsatisfactory,  and  put  a  permanent 
resistance  in  series  with  the  motor  armature,  cutting  out  the 
jammiiig  relay,  and  more  satisfactory  operation  was  obtained. 

The  question  of  gearing  is  a  very  important  one  which  I  think 
electrical  engineers  overlook.  In  one  particular  instance  I 
know  of  some  side  guards  that  were  geared  for  a  running 
speed  of  600  ft.  per  min.,  which  is  ten  ft.  per  sec.  Now,  the  total 
travel  of  the  guard  is  not  more  in  ordinary  cases  than  6  ft.,  so 
you  can  see  how  absurd  it  is  to  arrange  your  gearing  for  such  a 
high  speed  as  that. 

I  think  what  the  electrical  men  ought  to  do  is  to  get  together 
with  the  mechanical  men  more  and  study  these  problems  from 
the  mechanical  standpoint,  and  in  that  way  the  mechanical  men 
can  get  the  benefit  of  the  electrical  men's  experience  in  working 
out  the  problems  satisfactorily. 
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INDUCTIVE  EFFECTS  OF  ALTERNATING-CURRENT 
RAILROADS  ON  COMMUNICATION  CIRCUITS 


BY  H.  S.  WARRBN 


Abstract  of  Paper 


A  brief  discussion  of  inductive  interference  in  general  is  first 

fiven,  including  reference  to  the  work  of  the  Toint  Committee  on 
nductive  Interference  in  California.  Inductive  interference 
due  to  electrified  railroads  is  then  taken  up  and  various  possible 
means  for  reducing  such  interference  considered.  A  description 
is  given  of  four  important  installations  of  railroad  electrification 
and  the  specific  means  adopted  in  each  case  for  preventing  inter- 
ference, with  the  degree  of  success  which  has  been  met  with. 


Introduction 
*  I  ^ELEPHONE  and  telegraph  companies  in  the  conduct  of 
*  their  btisiness  not  only  have  to  maintain  their  lines  and 
service  against  ordinary  forms  of  interruption,  such  as  lightning 
disttirbances,  mechanical  failures,  etc.,  to  which  all  overhead 
electrical  lines  are  inherently  subject,  but  also,  they  have  to  see 
to  it  that  their  lines  are  protected  against  interference  by  elec- 
tric power  lines.  Such  interference  may  be  due  to  actual  or 
threatened  physical  contact  between  wires  of  the  two  systems, 
to  passage  of  current  from  one  s}rstem  to  the  other  by  leakage, 
or  to  the  class  of  disturbances  known  as  "inductive." 

One  important  kind  of  inductive  disturbances  on  telephone 
and  telegraph  lines  is  that  arising  from  installations  of  alter- 
nating-current railroad  elefctrification,  such  installations  being: 
principally  employed  in  ownaction  with  trunk  lime  xoilroads 
carrying  heavy  traffic. 

In  approaching  the  subject  of  interference  to  commtmication 
systems  by  such  electrified  railroads,  it  seems  desirablje  first  to 
consider  some  aspects  ^-^f  the  general  subject  of  inductive  inter- 
ference from  power  lines,  of  which  int'erference  from  electrified 
railroads  is  a  special  case.  In  this  general  discussion  of  the  sub- 
ject it  will  be  convenient  to  borrow  freely  from  the  work  of  the 
Joint  Committee  on  Inductive  Interference  in  California. 
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Historical 

The  induction  of  voltages  in  an  electric  circiiit  by  current 
changes  in  a  parallel  circuit  was  discovered  by  Faraday  in  1831. 
TBe  property  of  self  induction  of  an  electric  circuit  wate  discovered 
by  Jos^h  Henry  at  about  the  same  time.  The  phenomenon  of 
induced  electrostatic  charges  was  known  already  through  var- 
ious experiments.  In  1888  Henry,  in  the  coiu^e  of  his  researches, 
observed  that  a  current  was  induced  in  an  electric  circuit  when 
a  Letyden  jar  was  discharged  through  a  parallel  circuit.  This 
seems  to  be  the  first  case  on  record  of  electric  induction  between 
circuits. 

Since  the  time  of  Faraday  and  Henry  a  stupendous  amount 
of  electrical  research  atad  experimentation  has  been  conducted 
and  as  a  result  of  this  and  of  brilliant  theoretical  work  by  Maxwell 
and  others,  the  fundamental  laws  of  electrostatics  and  electro- 
dynamics has  been  very  fully  worked  out.  The  general  equa- 
tions expressing  the  laws  of  induction  are,  however,  not  suitable 
for  us  in  the  solution  of  practical  problems.  On  account  of  the 
large  number  of  factors  involved,  many  of  which  cannot  read- 
ily be  evaluated,  it  is  generally  necessary  in  specific  cases  to 
resort  to  simplifying  assumptions  and  approximations. 

As  to  what  actually  happens  when  a  voltage  is  set  up  in  an 
electric  circuit  by  induction  we  know  very  little.  It  is  well  to 
bear  in  mind  that  we  do  not  even  know  what  voltage  really  is, 
or  current,  or  electricity.  We  use  these  terms  merely  to  express 
certain  phenomena  and  relations  found  by  observation,  whereby 
we  are  able  to  derive  results  of  much  practical  value. 

Characteristics  Affecting  Disturbances.  Telephonic  currents 
consist  of  ntunerous  component  simple  currents  varying  in  fre- 
quency from  about  200  to  4000  or  more  periods  per  second.  The 
signaling  currents  employed  on  telegraph  lines  are  also  complex, 
but  their  most  important  components  are  of  less  than  300 
periods  per  second. 

Power  circuits  are  commonly  of  either  25  or  60  periods  per 
second  but,  in  addition  to  the  fundamental  periodicity,  harmon- 
ics are  usually  present  to  a  greater  or  less  extent  and  it  is  due 
almost  wholly  to  the  harmonics  which  come  within  the  range  of 
the  most  important  voice  wave  components,  that  noise  is  pro- 
duced in  telephone  circuits  by  induction.  By  care  in  designing 
electric  power  machinery  so  as  to  reduce  the  proportion  of  such 
harmonics,  it  is  probably  feasible  to  avoid  much  of  the  noise 
disturbance  to  telephone  circuits  which  otherwise  would  result. 
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Thus  a  small  expense  in  eliminating  this  trouble  at  its  source 
may  obviate  a  much  larger  expense  later. 

Abnormal  Conditions,  It  is  important  to  recognize  that  the 
inductive  effects  of  power  circuits  are  liable  to  be  greatly  magni- 
fied at  times  of  abnormal  conditions.  The  violent  changes  which 
occur  in  the  electric  and  magnetic  fields  surrounding  a  power 
circuit,  when  one  of  its  conductors  breaks  or  becomes  grounded, 
set  up  in  neighboring  communication  circuits  stirges  which  may 
represent  relatively  large  amounts  of  power.  A  parallel  which, 
undier  normal  operating  conditions,  causes  no  disttirbance  may 
produce  Vieiy  serious  interference  under  abnormal  conditions. 

Balanced  and  Residual  Voltages  and  Currents,  In  analyzing 
inductive  phenomena  it  is  advantageous  to  classify  power  cir- 
cuit voltages  and  currents  under  two  general  heads:  (1)  Bal- 
anced voltages  and  currents,  that  is,  those  which  are  balanced 
or  symmetrical  with  reference  to  the  earth;  (2)  residual  voltages 
and  currents,  that  is,  those  which  aire  wholly  unbalanced  with 
reference  to  the  earth.  The  circuit  of  the  residual  voltages  and 
currents  is  comprised  of  the  metallic  circuit  conductors  as  a 
group,  constituting  one  side,  and  the  earth  (including  earthed 
conductors),  constituting  the  other  side. 

At  every  instant  the  algebraic  sum  of  the  balanced  currents, 
and  likewise  of  the  balainced  voltages,  is  zero.  Hence,  at  any 
instant  the  algebraic  sum  of  the  currents  in  the  line  conductors 
is  the  residual  current  and,  similarly,  the  algebraic  stmi  of  the 
voltages  to  earth  of  the  line  conductors  is  the  residual  voltage. 
For  example,  in  an  ordinary  railway  circuit,  consisting  of  over- 
head trolley  wire  and  grounded  rail  return,  all  the  voltage  and 
current  are  residual. 

There  is  no  definite  relation  between  these  two  classes  of  volt- 
ages, and  currents  and  entirely  different  means  usually  have  to 
be  taken  in  counteracting  their  respective  induction  effects.  In 
general,  the  residuals  cause  more  inductive  disturbance  than 
the  balanced  components  as  the  residuals  are  all  in  phase  and 
their  effects  are  cumulative  whereas  the  induction  from  the 
balanced  voltages  and  currents  in  one  conductor  is  partially 
neutralized  by  the  induction  from  balanced  components  in  each 
other  conductor  of  the  circuit.  Also  the  residuals  usually  con- 
tain a  larger  proportion  of  harmonics  than  the  balanced  com- 
ponents and  this  is  aifother  reason  why  they  are  likely  to  cause 
more  disturbance,  particularly  to  telephone  circuits. 

Causes  and  Preventive  Measures  for  Residuals,    As  residual 
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voltages  and  currents  are  largely  responsible  for  inductive  inter- 
ference, it  is  of  great  importance  in  the  prevention  of  such 
interference  that  they  be  suppressed  or  reduced  by  all  reason- 
able means  available. 

Star-connected,  three-phase  transformer  banks  with  the  neu- 
tral grounded  will  set  up  triple  harmonic  residuals  due  to  varia- 
tion of  permeability  of  the  iron  with  varying  magnetic  density 
and  may  also  cause  residuals  by  reason  of  inequalities  of  the 
transformer  impedances.  In  general,  the  most  effective  measure 
against  this  triple  harmonic  effect  is  the  use  of  a  delta-connected 
secondary  or  tertiary  winding,  thus  providing  a  shunt  path  for 
the  triple  harmonic  currents.  The  magnetic  density  also  should 
be  kept  as  low  as  practicable.  Residuals  due  to  inequalities  of 
impedances  in  transformer  banks  can,  of  course,  be  eliminated 
by  equalizing  these  impedances. 

Aiiother  condition  which  may  produce  large  residuals  is  the 
use  of  geWrators  with  star-connected  armature  windings.  When 
such  a  generator  with  its  neutral  grounded  is  connected  to  a 
power  line,  either  directly  or  by  auto-transformers,  residuals  are 
set  up  in  the  line.  When  such  a  generator,  with  its  neutral  not 
grounded,  is  connected  to  the  line  through  standard  tranj^ormers, 
residuals  will  be  impressed  on  the  line  if  the  transformer  bank  is 
con!nectad  star-star,  the  line  side  neutral  grotmded,  and  the  sta- 
tion side  neutral  connected  to  the  generator  neutral. 

Grotmding  of  transformer  or  generator  windings  at  any  points 
not  normally  at  zero  potential,  unbalances  an  electrically  con- 
nected circuit  and  thereby  causes  residual  voltages  and  currents. 

Another  important  cause  of  residuals,  which  however  may 
not  be  so  obvious,  is  the  imbalance  of  a  power  circuit  due  to 
inquality  of  the  capacitances  to  ground  of  its  several  conductors. 
If  the  three  line  conductors  of  a  three-phase  circuit  are  carried 
throughout  in  the  same  relative  positions,  that  is,  if  the  circuit 
is  not  transposed,  the  capacitances  to  ground  will  be  unequal 
and  a  part  of  what  would  otherwise  be  balanced  voltage  and 
current  becomes  residual.  These  inequalities  may  be  overcome 
by  transposing  the  power  circuits  throughout  their  entire  length. 
To  make  such  transposition  effective  with  respect  to  interference 
to  telephone  circuits  it  is  necessary  that  the  power  circuits  be 
transposed  at  intervals  which  are  shdrt  in  comparison  with  the 
wave  lengths  of  the  higher  harmonics  present.  The  frequency 
of  transpositions  depends  somewhat,  however,  on  the  inherent 
unbalance  of  the  conductor  configuration.    As  an  indication  of 
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the  number  of  transpositions  required  for  a  reasonable  degree 
of  balance  to  ground,  it  may  be  said  that  barrels  of  6  to  12  miles, 
the  latter  applying  to  a  triangular  configuration,  are  usually 
adequate. 

It  is  evident  that  the  symmetry  of  a  line  which  has  been 
thoroughly  trandiposed  may  be  destroyed  by  connecting  to  it 
branches  or  taps  which  unbalance  the  capacitances  to  earth  of 
the  line  conductors.  Of  course,  if  such  a  tap  is  grounded,  the 
residuals  resulting  may  be  very  large. 

At  times  of  accident,  when  a  power  circuit  is  in  an  abnormal 
condition,  residuals  of  relatively  enormous  values  are  liable  to 
be  created.  These  set  up  correspondingly  large  induced  voltages 
in  parallel  communication  circuits.  This  emphasizes  the  import- 
ance of  high  grade  construction  and  maintenance  of  power  lines 
involved  in  parallels  so  as  to  minimize  the  frequency  of  such 
occurrences. 

Unbalance  of  Communication  Circuits.  Not  only  are  there 
these  two  kinds  of  disturbing  voltages  and  currents  on  power 
circuits,  namely,  balanced  and  residual,  but  each  of  these  com- 
ponents may  set  up,  in  a  neighboring  metallic  communication 
circuit,  two  different  effects;  (1)  an  induced  voltage  between 
the  two  conductors  of  the  communication  circuit,  which  directly 
tends  to  cause  currents  through  the  signaling  instruments;  (2) 
an  induced  voltage  between  the  conductors  of  the  commtmica- 
tion  circuit  and  ground,  which  by  reason  of  unbalances  in  the 
communication  circuit  indirectly  causes  currents  through  the 
signaling  instruments.  Theoretically,  assuming  a  telephone  cir- 
cuit and  all  its  connected  apparatus  absolutely  symmetrical, 
electrically,  with  respect  to  earth  and  always  so  maintained, 
voltages  induced  equally  in  the  two  sides  of  suph  a  circuit  would 
not  cause  noise  in  the  telephone.  In  practise  it  is  not  possible 
to  attain  absolute  symmetry  although  in  well  constructed  and 
well  maintained  telephone  circuits  the  degree  of  balance  is  very 
high  indefed.  The  telephone  is,  however,  such  a  very  sensitive 
instrument  that  no  attainable  degree  of  balance  can  avoid  noise 
when  relatively  very  high  voltage«s  are  induced  between  the  tele- 
phone wires  and  groimd,  as  is  done  in  many  cases  by  parallel 
power  circuits.  It  is  therefore  essential  that  induced  voltages 
to  ground  be  limited  to  values  which  at* e  permissible  on  commun- 
ication circuits  so  maintained. 

Transpositions  Within  Parallels,  Interference  by  induction 
from  balanced  currents  and  voltages  can  most  readily  be  pre- 
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vented  by  means  of  a  coordinated  system  of  transpositions  ap- 
plied to  both  power  and  comniunication  circuits  within  the  limits 
of  parallels,  the  term  "parallel*'  being  understood  to  mean  the 
r^on  within  which  the  two  classes  of  line  are  in  sufficiently 
close  proximity  for  inductive  disturbances  to  be  set  up  in  the 
communication  circuits  by  the  power  circuits.  It  is  to  be  noted 
that  transpositions  for  this  purpose  to  be  applied  to  power  cir- 
cuits within  the  limits  of  parallels,  are  quite  distinct  from  the 
transpositions  previously  referred  to  as  being  necessary  through- 
out the  entifliB  length  of  a  power  circuit  in  order  to  equalize  the 
capacitances  to  ground  of  the  several  conductors. 

Principal  Factors  in  Determining  Interference,  Before  leaving 
this  general  part  of  the  subject  I  will  eiiumerate  the  principal 
factors  which  determine  the  amoimt  of  induction  and  whether 
it  is  sufficient  to  constitute  interference. 

1 .  The  length  of  the  parallel. 

Other  things  being  equal,  the  longer  the  parallel,  the  greater 
the  induced  voltage. 

2.  The  separation  of  the  two  classes  of  lines. 

In  general,  other  things  being  equal,  the  less  the  separation 
of  the  power  line  and  communication  line,  the  greater  the  induced 
voltage. 

3.  Configuration  of  the  power  line. 

The  investigations  of  the  Joint  Committee  on  Inductive 
Interference  show  that  the  configuration  of  the  power  line  has 
•an  important  bearing  on  inductive  effects,  the  relative  merits 
of  different  configxirations  varying  with  the  separation  of  the 
power  and  commimication  lines,  the  spacing  of  the  power  con- 
ductors, and  the  relative  importance  of  balanced  voltages  and 
currents.  While  it  is  not  possible  to  draw  a  simple  general  rule 
for  determining  the  most  advantageous  configiu-ation  the  dif- 
ferences in  particular  cases  are  marked  and  deserve  special  at- 
tention as  oftentimes  substantial  benefit  can  be  secured  in  tiiis 
way  at  small  additional  cost.  This  is  particularly  true  of  mul- 
tiple circuit  lines,  the  resultant  induction  depending  largely  on 
the  relative  poling  of  the  power  circuits. 

4.  The  magnitudes  and  fundamental  frequency  of  the  normal 
operating  voltages  and  currents  of  the  power  circuits. 

The  effect  of  electric  induction,  of  course,  is  proportional 
to  the  voltage  of  the  power  line,  and  of  magnetic  induction  to 
the  current  on  the  power  circuit. 
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5.     The  magnitudes  of  residual  voltages  and  currents. 

It  has  already  been  explained  that  residual  voltages  and 
currents  are  a  principal  cause  of  inductive  interference.  Hence, 
while  the  amount  of  residuals  on  metallic  circuits  is  usually 
small  as  compared  to  the  balanced  components,  the  inductive 
eflEects  of  the  former  are  liable  to  preponderate. 

6^  The  wave  shapes  of  both  balanced  and  residual  voltages  and 
currents,  involving  the  magnitudes  and  frequencies  of  all  harmonics. 

The  effect  of  wave  shape  on  interference,  to  telephone  circuits 
particularly,  is  exceedingly  important.  Wave  shapes  in  practise 
on  different  power  systems  are  found  to  have  extremely  wide 
variations.  An  unfavorable  wave  shape,  i.  e,,  one  having  a 
large  proportion  of  high  harmonics,  may  produce  a  hundred 
times  as  much  noise  as  a  pure  sinusoidal  wave  of  fundamental 
frequency. 

7.  The  unbalances  of  the  communication  circuits,  their  magni- 
tude, character  and  location. 

Such  unbalances  are  caused  by  inequalities  in  resistance, 
inductance,  insulation  or  capacitance  to  ground.  The  last  men- 
tioned quantity  is  balanced  approximately  by  transposing  the 
conductors.  The  other  elements  enttmerated  require  proper 
design,  construction  and  maintenance  of  these  lines,  whether 
in  oi)en  wire  or  in  cable,  together  with  their  connected  apparatus. 

8.  Terminal  apparatus  of  the  communication  circuits  and  the 
distance  of  such  apparatus  from  the  parallel. 

The  sensitiveness  of  the  terminal  apparatus  is,  of  course,  an 
important  factor  in  determining  the  allowable  amount  of  in- 
duced voltage.  Also  if  the  parallel  is  at  a  considerable  distance 
from  either  terminal  of  the  c  ommunication  circuit,  the  induced 
voltages  and  currents  may  become  considerably  attenuated 
before  reaching  the  receiving  instruments. 

9.  The  voltages  and  currents  of  the  power  circuits  under  ab- 
normal conditions. 

It  has  already  bieen  stated  that  the  voltages  and  currents 
of  power  circuits  under  abnormal  conditions,  which  are  Uable 
to  be  largely  residual  in  character,  produce  the  most  severe  in- 
ductive eflEects.  The  values  of  these  quantities  under  abnormal 
conditions,  in  relation  to  corresponding  values  imder  normal 
conditions,  vary  a  great  deal  on  different  power  systems. 

10.  The  number  of  parallels  which  may  effect  cumulatively 
the  same  communication  circuit. 

In  many  cases  the  same  communication  circtiit,  especially  if 
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it  be  on  a  long  trunk  line,  may  be  involved  in  a  considerable 
number  of  different  parallels.  In  such  cases  the  induction  con- 
tributed by  each  parallel  must  be  sufficiently  restricted  so  that 
the  cumulative  results  from  all  will  not  produce  disturbances 
which  cannot  be  endured. 

11.  The  importance  and  character  of  use  of  the  communication 
circuit. 

It  is  obvious  that  the  more  important  circuits,  on  which 
interference  is  most  serious,  should  be  afforded  a  higher  degree 
of  immunity  from  disturbance  than  circuits  of  less  importance. 
Also,  of  course,  the  character  of  the  commimication  circuit  as, 
for  example,  whether  it  is  a  telephone,  or  telegraph  circuit,  is  of 
fundamental  importance  in  considering  the  question  of  inductive 
interference. 

12.  The  volume  of  transmission  on  the  communication  circuit. 

In  case  of  a  long  distance  telephone  circuit,  where  the  vol- 
ume of  transmission  is  small,  a  less  amount  of  extraneously 
induced  current  will  interfere  with  receiving  than  on  circuits  of 
less  length  where  there  is  a  large  volume  of  transmission. 

13.     The  relative  cost  of  preventing  interference. 

While  in  aiU  cases  meains  should  be  employed  which  will 
allow  adequate  communication  service  to  be  given,  still  it  is  not 
expected  that  complete  freedom  from  inductive  disturbances 
can  be  attained.  Any  induced  voltage,  no  matter  how  small, 
will  generally  cause  some  impairment  of  service.  The  amount 
of  induced  voltage  which  it  is  justifiable  to  allow,  depends  to 
some  extent  on  the  difficulty  and  expense  involved  in  further 
reducing  such  voltage.  After  the  foreign  voltage  has  been  re- 
duced to  an  amount  which  can,  if  necessary,  be  tolerated,  it 
becomes  simply  a  problem  of  balancing  the  value  of  further 
improvement  against  its  cost. 

It  will  be  seen  that  the  number  of  elements  affecting  inductive 
interference  is  quite  large.  Moreover,  some  of  these  elements, 
as  for  example,  the  wave  shapes  of  the  power  circuit  voltages 
and  currents,  are  not  ordinarily  known,  and  have  induction- 
producing  values  varying  enormously  in  different  cases.  Hence 
the  difficulty  of  formulating  any  simple  method  of  determining 
in  advance  whether  a  given  construction  will  or  will  not 
produce  interference. 

The  foregoing  discussion,  while  general  in  its  application,  is 
in  many  respects  concerned  with  induction  from  power  trans- 
mission lines.  We  will  next  consider  specffically  some  of  the 
inductive  effects  of  alternating-current  railroad  installations. 
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Alternating-Current  Railroad  Electrification 
The  reasons  why  alternating-current  railroad  electrifications 
cause  large  disrtulrbances  to  neighboring  communication  lines, 
principally  by  electromagnetic  induction,  will  now,  I  think,  be 
apparent  when  it  is  considered  that,  (1)  the  railroad  trolley 
current  is  large,  (2)  it  is  all  residual  current,  (3)  the  rail- 
road circuit,  from  its  nature  and  use,  is  more  subject  to  ab- 
normal conditions,  such  as  short  circuits,  than  ordinary  power 
transmission  lines. 

Classes  of  Interference,  Some  of  the  different  ways  in  which 
disturbances  due  to  alternating-current  electrified  railroads  man- 
ifest themselves  in  the  telephone  and  telegraph  plant,  may  be 
classified  as  follows  : 

1.  Interference  with  operation, 

a.  Interruption  of  service 

b.  False  bell  ringing 

c.  Noise 

d.  Interference  with  telegraph  signals 

2.  Physical  injury  to  plant, 

a.  Fire  hazard 

b.  Magnetization  of  loading  coils 

3.  Hazard  to  employees  and  to  telephone  using  public. 

a.  Electric  shock 

b.  Acoustic  shock 

These  various  disturbances  may  be  of  a  most  serious  nature 
and  telephone  and  telegraph  companies  are  unable  by  them- 
selves to  cope  with  the  problem  of  protecting  their  lines  and  ser- 
vice against  them.  In  order  to  make  this  more  clear,  we  will 
review  briefly  some  of  the  fundamental  characteristics  of  tele- 
phone service  and  point  out  some  of  the  distinctive  features  of 
the  plant  required  to  make  this  service  possible. 

The  Telephone  System.  The  fundamental  electrical  problepi 
of  telephony  is  three-fold: 

1.  The  production  of  an  electrical  wave  which  is  a  faithful 
copy  of  the  spoken  word. 

2.  The  transfer  of  this  wave  without  appreciable  delay  over 
distances  which  may  amount  to  hundreds  or  thousands  of  miles, 
without  excessive  change  of  form  by  distortion,  without  the 
accession  of  foreign  disturbances,  and  without  undue  loss  of 
intensity. 

3.  The  production  at  the  receiver  of  an  audible  sound  wave 
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which  is  an  adequate  counterpart  of  the  electrical  wave  and, 
therefore,  of  the  original  spoken  word. 

As  speech  is  carried  on  telephonically  by  means  of  an  extremely 
small  amount  of  energy,  it  is  necessary  that  a  large  part  of 
the  telephone  plant  be  of  a  sensitive  and  delicate  construction. 
This  includes  the  subscribers*  sets  where  occur  the  delicate 
transformations  from  air  wave  to  electrical  wave  and  vice  versa. 

These  substation  instruments  cannot  be  located  at  central 
offices  where  they  would  be  under  the  immediate  supervision  of 
a  trained  staff  but  they  must  be  placed  in  the  subscriber's  ofEge, 
factory,  home  or  wherever  they  will  be  most  available  and  con- 
venient for  his  instant  use.  There  are  now  over  ten  million 
telephone  stations  in  the  Bell  System.  These  sensitive  nerve 
ends  of  the  telephone  system  are  distributed  throughout  the 
entire  country  in  every  conceivable  variety  of  location. 

In  addition  to  the  delicate  substation  apparatus,  each  tele- 
phone conversation  requires  the  exclusive  use  of  a  connecting 
circuit.  Even  though  the  circuit  be  hundreds  of  miles  in  length 
it  cannot  be  used  for  any  other  telephonic  purpose.  This  ex- 
clusive circuit  must  be  low  in  resistance,  capacity  and  leakage 
so  as  not  unduly  to  attenuate  the  telephone  wave.  It  must  be 
so  transposed,  balanced  and  protected  that  so  far  as  possible 
it  will  not  pick  up  electrical  disturbances  from  earth  currents 
teleg'raph  lines  or  other  telephone  circuits  or  itself  constitute 
a  soxu"ce  of  disturbance  to  the  latter.  The  network  of  telephone 
circuits  now  comprises  more  than  twenty-two  million  miles  of 
wires. 

In  addition  to  meeting  the  above  basic  requirements,  the 
telephone  system,  in  order  to  realize  its  potentialities  as  a  utility 
of  the  greatest  benefit  to  the  public,  must  include  facilities  such 
that  at  any  time  on  request  of  a  subscriber  connections  can  be 
made  between  any  two  points,  without  delay  or  other  incon- 
venience, and  the  charges  for  the  service  must  be  as  low  as  pos- 
sible. At  present  about  thirty-two  million  such  telephone  con- 
nections are  made  per  day  in  the  Bell  System. 

Prompt,  efficient  and  economical  service  on  the  existing  scale 
requires  that  an  immense  ntmiber  of  separate  circuits  be  brought 
together  into  common  central  offices  and  provided  with  every 
device  and  attendance  which  will  facilitate  traflBc  over  the  sys- 
tem. It  requires,  for  example,  that  hundreds  of  wires  be  crowded 
into  cables,  the  latest  types  of  which  have  2400  conductors  with- 
in a  sheath  whose  outside  diameter  is  2  ^  inches.     It  requires 
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great  congestion  of  wires  and  apparatus  in  switchboards  in 
order  that  many  thousands  of  lines  may  be  brought  within 
reach  of  a  single  operator.  It  requires  elaborate  and  reliable 
signaling  arrangements  to  economize  time  and  circuits.  It  re- 
quires uniformity  in  plant  and  methods  throughout  the  entire 
system  so  as  to  make  possible  prompt  connection  between  any 
two  points.  While  it  has  been  found  practicable  to  devise  means 
for  transmitting  the  required  signaling  currents  over  the  tele- 
phone plant  safely,  the  danger  of  fires  from  the  currents  and 
voltages  employed  for  signaling  has  been  avoided  only  by  the 
exercise  of  extreme  care,  although  these  currents  and  voltages 
are  very  small  compared  with  the  currents  and  voltages  on  power 
lines. 

Prom  this  brief  consideration  of  the  telephone  problem,  show- 
ing that  a  large  portion  of  the  telephone  system  is  inherently 
of  a  delicate  nature  and  susceptible  to  interference,  it  is  clear 
that  telephone  apparatus  and  circuits  would  be  destroyed  if 
but  a  small  fraction  of  the  powerful  currents  and  voltages  used 
by  other  electric  utilities  were  permitted  to  enter  into  the  tele- 
phone system. 

Values  of  Induced  Voltage,  In  studying  the  inductive  effects 
of  electrified  railroads,  it  has  been  found  advisable  to  determine 
approximately  the  amount  of  induced  voltage  in  a  communica- 
tion circuit,  per  mile,  per  100  amperes  in  the  trolley,  for  different 
horizontal  separations  between  the  trolley  and  the  communica- 
tion circuit,  and  with  different  percentages  of  the  trolley  current 
in  the  rails.  For  example,  it  has  been  determined  that,  with  60 
per  cent,  rail  current  (that  is,  40  per  cent  of  the  trolley  current 
return  flowing  in  the  earth  as  stray  current,)  the  induced  voltages 
per  mile,  per  100  amperes  in  the  trolley,  are  in  general  about 
10  volts,  5  volts  and  1  volt,  at  50  feet,  300  feet  and  4000  feet 
separation  respectively.  Thus  at  50  feet  separation,  with  1000 
amperes  in  the  trolley,  a  ten  mile  exposure  would  result  in  1000 
volts  induced.  These  are  maximum  figures  in  that  they  are 
based  on  the  assumption  that  power  is  supplied  in  one  direction 
only.  It  should  be  understood  that  the  induction  varies  con- 
siderably in  different  cases  since  the  induced  voltages  are  affected 
by  all  the  various  conditions  which  go  to  determine  the  coiu-se 
that  the  stray  current  takes.  Some  parallelisms  may  extend 
more  than  ten  miles  and  at  times  of  short-circuit  the  current 
may  amount  to  many  thousands  of  amperes,  and,  in  such  cases, 
the  induction  is  liable  to  be  correspondingly  more  severe  unless 
preventive  measures  are  taken. 
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The  specific  effects  of  these  induced  voltages  will  now  be  touched 
upon  briefly. 

Interruption  of  Service.  Induced  voltages  may  be  high  enough 
to  operate  the  telephone  protective  devices  and,  if  the  current 
across  the  protector  is  sufiicient,  the  line  will  become  permanently 
grounded  and  the  telephone  service  interrupted  until  the 
protector  is  restored  to  normal  condition.  If  the  protector  is 
located  in  a  central  ofiice,  the  time  required  to  make  repairs  is 
relatively  short,  but  if  it  is  at  a  subscriber's  premises,  consider- 
able time  may  be  required  for  a  repair  man  to  reach  the  station. 
In  cases  where  the  operation  of  the  protector  does  not  actually 
ground  the  line,  it  may  lower  the  insulation  resistance,  sufficiently 
to  make  the  line  noisy. 

It  may  also  sometimes  happen  that  foreign  voltage  of  a  value 
below  that  required  to  break  down  the  protector  spark  gap  will 
yet  be  sufficient  to  puncture  the  insulation  of  the  wiring  at 
some  point. 

False  Bell  Ringing.  Voltages  of  about  8,  20  and  200  volts, 
depending  somewhat  on  the  prevailing  earth  potentials,  are 
sufficient  to  ring  ordinary  grounded  bells,  standard  biased  bells, 
and  (by  breaking  down  protector  spark  gaps)  metallic  circuit 
bells,  respectively. 

An  accidental  trolley  ground  on  a  25-cycle  single-phase  electri- 
fication through  a  thickly  settled  community  may  ring  scores 
or  even  hundreds  of  subscribers'  bells,  some  of  which  may  be 
located  a  mile  or  more  from  the  railroad.  Such  false  bell  ringing 
.  is  apt  to  be  a  source  of  serious  complaint  by  subscribers,  and 
is  particularly  annoying  when  it  occurs  at  an  imseasonable 
hour  as,  for  example,  5  o'clock  in  the  morning. 

Noise.  In  order  to  appreciate  the  effect  of  small  currents  in 
producing  noise  in  telephone  circuits,  it  must  be  considered  that 
a  very  small  fraction  of  a  microwatt  of  power  at  voice  current 
frequencies  will  produce  an  audible  sound  in  a  telephone  re- 
ceiver and  a  few  microwatts  are  sufficient  for  a  telephone  con- 
versation in  a  quiet  place.  When  the  current  in  the  telephone 
receiver  caused  by  induction  from  outside  circuits  is  large 
enough  to  produce  an  audible  sound,  it  has  an  important  effect 
on  the  efficiency  of  the  circuit  for  transmitting  speech,  par- 
ticularly when  the  circuit  is  used  for  talking  over  long  con- 
nections so  that  the  energy  of  the  voice  currents  approaches 
the  minimtmi  which  will  give  a  satisfactory  conversation.  An 
extraneous  sound  which  is  scarcely  more  than  audible  to  an 
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untrained  ear  and  might  be  thought  to  be  of  negligible  con- 
sequence, has  in  reality,  the  effect  of  impairing  a  telephone 
circuit  by  a  large  percentage,  or  otherwise  expressed,  of  de- 
stroying a  material  part  of  the  circuit's  value  for  service  purposes. 

The  interfering  effect  of  foreign  current  of  a  given  magnitude 
depends  very  greatly,  however,  upon  the  frequency.  The  max- 
imum effect  is  for  current  having  a  frequency  of  about  1100 
cycles  per  second.  At  lower  frequencies  the  effect  falls  off  rapidly, 
and  at  25  cycles  is  probably  only  about  one  two-thousandth  as 
great  as  at  1100  cycles.  This  fact  explains  why  the  inductive 
interference  to  telephone  circuits  from  25-cycle  railway  systems 
is  not  predominantly  noise.  Twenty-five-cycle  current  norm- 
ally has  relatively  very  small  components  in  the  telephone- 
frequency  range  and  the  effect  of  these  high-frequency  com- 
ponents is  damped  out  much  more  rapidly  than  that  of  the 
fundamental  by  separation  of  telephone  and  railroad  circuits. 
Noise  from  such  railways  is,  however,  present  to  some  extent, 
and  is  liable  to  become  serioug  under  any  conditions  which 
produce  a  bad  wave  shape  in  the  power  circuit. 

Interference  with  Telegraph  Signals.  At  25  cycles,  an  induced 
current  of  one  milliampere  is  liable,  under  some  conditions,  to 
interfere  with  ordinary  Morse  transmission,  while  rapid  tele- 
graph systems,  printers,  etc.,  are  more  or  less  impaired  by  ex- 
traneous currents  of  any  value. 

Fire  Hazard.  The  use  of  heavy  insulating  coverings  for 
wires  in  telephone  switchboards  is  impossible  on  accotmt  of  the 
necessity  of  bringing  many  lines  within  a  limited  space.  It  is 
not  feasible  to  employ  for  this  purpose  such  insulation  as  is  con- 
sidered good  practise  for  electric  light  and  power  wires.  Thus  it 
is  unavoidable  that  the  dielectric  strength  of  the  telephone 
wiring  be  relatively  low. 

Investigations  of  the  fire  hazard  due  to  foreign  voltages  im- 
pressed on  telephone  lines  indicate  that  voltages  of  200,  or  even 
less  when  backed  by  considerable  power  as  in  the  case  of  induced 
voltages  from  alternating-current  railways,  create  a  distinct 
fire  hazard. 

Although  the  fire  hazard  brought  about  by  railroad  electri- 
fication is  due  chiefly  to  the  higher  voltages  induced  at  times  of 
short  circuits  on  the  railroad,  it  is  possible  that  the  repeated 
electrical  stresses  of  lower  voltage,  due  to  normal  railroad  opera- 
tion tend  to  decrease  the  dielectric  strength  of  the  insulation 
and  thereby  facilitate  breakdown. 
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Magnetieaiion  of  Loading  Coils,  Loading  coils  in  very  large 
ntunbers  are  now  employed  in  both  open  wire  and  cable  tele- 
phone circuits.  These  coils  are  liable  to  be  permanently  magne- 
tized by  any  induced  currents  which  are  materially  in  excess 
of  telegraph  currents.  While  they  are  magnetized  there  is  a 
considerable  loss  of  transmission  efficiency  and  it  is  ordinarily 
impossible  to  demagnetize  them  without  removing  them  from 
the  circuits.  Moreover  large  currents  through  the  loading  coils 
may  permanently  reduce  the  permeability  of  the  iron  cores  and 
make  them  unsuitable  for  use  on  long  toll  cable  circuits. 

Electric  Shock.  At  times  of  short  circuits  on  the  railroad  and 
sometimes  during  switching  operations,  electrical  surges  may 
be  set  up  in  the  telephone  circuits,  which  are  of  sufficient  inten- 
sity to  produce  electrical  shocks  to  persons  at  the  telephone  or 
working  on  the  circuits  at  the  time.  While  it  is  improbable  that 
such  shocks  will  be  the  cause  of  serious  personal  injuries,  even 
minor  shocks  are  objectionable  and  constitute  a  basis  of  com- 
plaint as  the  public  expects  telephone  instriunents  to  be  per- 
fectly safe  at  all  times. 

Acoustic  Shocks.  Inductive  surges  such  as  are  capable  of 
producing  electric  shocks  to  persons  are  also  liable  to  cause  loud 
noises  in  the  telephone  receivers  which  may  result  in  acoustic 
shocks  to  persons  using  the  telephone  at  such  times.  Even  the 
relatively  slight  clicks  which  sometimes  occur  due  to  battery 
interruptions  may  be  very  annojring  to  telephone  users  and 
acoustic  shocks  sometimes  caused  by  induced  voltages  may  be 
much  more  severe. 

Investigations  and  Experiments.  Since  1905,  when  first  noti- 
fied of  the  intention  to  install  single-phase  electrification  on  a 
section  of  the  New  York,  New  Haven  and  Hartford  Railroad, 
the  American  Telephone  and  Telegraph  Company  has  done  a 
large  amount  of  work  on  plans,  tests,  experiments  and  studies 
of  various  kinds,  most  of  it  in  conjunction  with  representatives 
of  railroads  and  the  electrical  manufacturing  companies,  all 
with  the  general  object  of  finding  means  for  protecting  the  tele- 
phone and  telegraph  lines  and  service  against  interference 
from  electrification  installations.  A  considerable  amount  of 
work  has  been  done  in  connection  with  various  electrification 
projects  which  have  not  been  installed,  some  of  these  projects 
having  been  abandoned,  at  least  in  so  far  as  the  specific  plans 
under  consideration  are  concerned,  while  in  other  cases  the 
naatter  is  being  held  in  abeyance,  awaiting  more  favorable  con- 
ditions for  tmdertaking  construction. 
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Mbans  for  Prb\bnting  Intbrpbrbncb  prom  Altbrkating- 
CuRRBNT  Railway  Elbctrifications 

There  are  various  means  which  have  been  proposed,  some 
applicable  to  the  railway  system  and  some  applicable  to  the 
affected  communication  systems,  for  preventing  or  reducing 
inductive  interference.  Some  of  these  means  have  not  been 
found  successful  or  advantageous  in  practise  while  others  have 
proved  beneficial  in  varying  degrees.  It  will  be  of  interest  to 
condder  briefly  some  of  these  proposals. 

Separation.  The  most  effective  means  is  to  avoid  the  parallel, 
wherever  practicable,  by  keeping  the  communication  circuits 
and  electrified  railroads  sufiiciently  separated.  With  the  exten- 
sion of  electric  traction,  and  the  constantly  increasing  importance 
and  efficiency  of  communication  circuits,  the  avoidance  of  paral- 
lels will  be  increasingly  important.  However,  this  first  rule  for 
preventing  interference,  is  unfortunately,  not  one  which  can  be 
generally  adopted  in  practise.  Railroads  and  communication 
circuits  murt  serve  the  same  communities  and  it  is  necessary 
that  the  connecting  routes  of  each  be  reasonably  straight  and 
direct.  The  field  of  influence  of  an  alternating-current  railroad 
which  uses  the  running  rails  as  a  part  of  its  circuit  extends  out 
to  a  great  distance  on  both  sides  of  the  railroad.  This  makes 
effective  separation  from  stich  electrified  railroads  much  more 
difl5cult  than  separation  from  most  other  kinds  of  power  trans- 
mission circuits. 

Neutralizing  Transformers,  Where  communication  circuits 
are  subject,  under  normal  operating  conditions  of  the  railroad, 
to  induced  voltages  sufficient  to  interfere  with  telegraph  service, 
neutralizing  transformers  can  be  resorted  to  and  if  properly 
designed  and  connected  into  the  disturbed  circuits,  such  trans- 
formers will  effect  neutralization  of  a  large  part  of  the  induced 
voltage.  The  transformers  are  provided  with  a  plurality  of 
wiiidings,  some  of  which,  called  primaries,  are  inserted  in  certain 
of  the  affected  conductors  which  are  grounded  at  or  beyond  the 
limits  of  the  parallel,  while  the  remaining,  or  secondary  wind- 
ings, are  connected  serially  into  other  of  the  conductors  in  which 
the  induced  voltages  are  to  be  neutralized.  Under  favorable 
conditions  the  remaining,  non-neutralized  voltage,  is  only  5  to 
10  per  cent  of  the  total  induced  voltage. 

For  a  more  complete  description  and  discussion  of  neutral- 
izing transformers  reference  is  made  to  an  article  by  Thomas 
Shaw  in  the  Electric  Journal,  November,  1914. 
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Neutralizing  transformers,  however,  have  serious  disadvan- 
tages from  the  telephone  company's  standpoint.  The  primary 
circuits,  of  which  there  are  ordinarily  from  one-third  to  one- 
half  the  number  of  secondary  circuits,  are  practically  lost  for 
telegraph  purposes  although  they  can  be  used  for  telephoning, 
at  somewhat  reduced  efficiency.  The  secondary  circuits  are 
also  reduced  somewhat  in  telephonic  transmission  efficiency, 
but  not  so  much  so  as  the  primaries. 

Neutralizing  transformers  have  served  a  useful  purpose  in 
the  early  stages  of  alternating-current  railroad  electrification 
where  means  of  restricting  the  railroad's  field  of  inductive  in- 
fluence were  not  employed.  They  continue  to  have  a  limited 
field  of  usefulness,  particularly  in  making  endurable  moderate 
amounts  of  induced  voltages  which  remain  after  preventive 
methods  have  been  applied  at  the  source  of  disturbance,  but 
they  leave  the  gener^il  problem  of  interference  unsolved.  They 
are  not  applicable  to  subscribers'  lines  nor  have  they  been  found 
effective  in  neutralizing  the  higher  harmonics  which  cause  noise. 

Drainage  Coils.  Drainage  coils,  bridged  across  a  telephone 
line,  with  their  mid-points  connected  to  ground,  provide  a  low 
impedance  path  for  currents  induced  between  wires  and  groimd 
and  thus  tend  to  reduce  the  voltage.  Such  coils  must  be  ex- 
ceedingly well  balanced  or  thpy  will  themselves  constitute  a 
source  of  unbalance  and  thus  augment  noise.  Moreover,  they 
increase  the  susceptibility  to  noise  restdting  from  irregularities 
in  series  resistance  or  impedance  of  the  telephone  circuits.  Also 
they  impair  telephonic  transmission  efficiency. 

If  telegraph  service  or  direct-current,  signaling  is  employed 
on  circuits  equipped  with  drainage  coils  it  is  necessary  to  place 
condensers  in  series  with  the  coils.  The  effect  of  this  apparatus 
on  telegraph  service  is  distinctly  detrimental. 

Drainage  coils  have  not  proved  to  be  adapted  for  general  use 
on  commercial  systems  but  are  helpful  on  private  telephone 
circuits  of  power  transmission  companies  for  reducing  high 
electrostatic  charges  when  such  private  circuits  are  carried  close 
to  high-voltage  wires. 

Sectionalization  of  Telephone  Circuit,  An  affected  telephone 
circuit  may  be  sectionalized  by  cutting  in  repeating  coils  at  one 
or  more  points.  This  may  be  advantageous  in  certain  cases  of 
exposed  rural  lines  where  by  placing  a  repeating  coil  at  each  end 
of  a  parallel  it  is  possible  to  change  to  a  metallic  circuit  through 
the  parallel.     It  is  also  sometimes  useful  on  private  telephone 


Digitized  by  VjOOQIC 


1918]  WARREN:  INDUCTIVE  EFFECTS  619 

circuits  of  i)ower  transmission  companies  as  it  makes  possible 
the  insulation  of  the  telephone  sets  from  the  exposed  telephone 
wires.  On  commercial  telephone  systems  the  usefulness  of  this 
method  is  very  limited  as  it  introduces  large  transmission  losses, 
precludes  the  use  of  telegraph  and  brings  in  difficulties  in  con- 
nection with  line  signaling. 

Shielding  Conductor.  A  copper  conductor  tised  as  a  shield 
may  be  strung  near  the  disturbed  communication  wires  and 
grounded  at  the  ends  of  the  parallel.  With  a  conductor  of 
suitable  impedance,  the  current  carried  by  the  conductor  will 
have  a  neutralizing  effect  on  the  induced  voltages  in  the  hear-by 
communication  wires.  The  action  is  similar  to  that  of  neutral- 
izing transformers  but  less  effective.  In  case  of  an  aerial  cable, 
the  cable  sheath  itself  can  be  so  used  instead  of  a  separate 
copper  conductor.  The  benefits  derivable  from  this  method, 
however,  are  very  limited. 

With  a  view  to  increasing  the  neutralizing  action  of  such  a 
conductor,  it  has  been  suggested  that  a  part  of  the  railway 
current  could  be  diverted  into  it.  The  quantitative  relations 
involved  are  such,  however,  that  great  difficulties  stand  in  the 
way  of  successful  application  of  this  scheme  on  a  commercial 
scale. 

Resonant  Circuits,  Combinations  of  coils  and  condensers, 
adjusted  to  be  resonant  at  the  disturbing  frequency  and  con- 
nected so  as  to  reduce  the  disturbing  current  in  the  receiving 
instruments,  have  been  employed  to  some  extent.  These  afford 
considerable  benefit  for  low-speed  telegraph  service  such 
as  ordinary  hand  sending.  For  higher-speed  operation,  the 
benefit  obtainable  in  this  way  becomes  rapidly  less.  Many 
modem  telegraph  systems  operate  at  speeds  approaching  25 
dots  per  second  which  makes  it  impossible  to  differentiate  in 
this  way  between  the  signaling  and  disturbing  currents. 

Similar  methods  have  been  suggested  for  reducing  noise  but 
are  not  usually  applicable  because  the  harmonics  which  cause 
noise  are  within  the  range  of  frequencies  required  to  give  good 
telephonic  quality. 

Balance  and  Insulation  of  Telephone  Circuits,  It  is  advan- 
tageous to  construct  and  maintain  telephone  circuits  exposed 
to  induction  with  a  high  degree  of  balance  and  insulation.  This 
includes  an  adequate  transposition  system.  In  all  cases  of 
inductive  disturbance  care  should  be  exercised  that  these  fea- 
tures of  the  affected  lines  are  properly  attended  to. 
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Use  of  Relay  Sets.  On  direct  telephone  lines  the  bell  is  bridged 
between  the  two  metallic  conductors.  On  two-party  selective 
lines  one  bell  is  connected  between  each  side  of  the  circtut  and 
ground.  On  four-party  semi-selective  lines  two  bells  are  con- 
nected between  each  side  of  the  circuit  and  ground.  On  four- 
party  lines,  with  full  selective  ringing,  the  bells  are  not  connected 
to  ground  except  at  times  when  an  operator  is  ringing  on  the 
line  and  at  such  times  the  connection  of  the  bell  to  ground  is 
established  by  means  of  relays.  On  all  these  classes  of  lines 
both  sides  of  the  circuit  are  grounded  at  the  central  office. 

It  will  thus  be  seen  that  an  induced  voltage  between  the  cir- 
cuit conductors  and  ground  might  ring  all  grounded  bells,  but 
under  normal  circumstances  would  not  ring  bells  on  a  direct  line 
or  at  stations  equipped  with  relay  sets.  However,  if  the  induced 
voltage  is  high  enough  to  operate  the  telephone  protectors,  a  path 
to  ground  is  established  through  the  protector,  and  bells  on 
direct  lines  or  bells  at  relay  set  stations  may  be  falsely  rung. 

Biasing  Bells,  In  regions  where  the  indubed  voltages  are  not 
too  high,  false  bell  ringing  can  be  obviated  by  biasing  the  bells, 
that  is,  by  stiffening  the  control  springs  so  that  increased  volt- 
age is  required  to  ring  the  bells.  Obviously,  there  are  very 
positive  limitations  to  what  can  be  accomplished  in  this  manner. 

Measures  Applicable  to  Railroads.  The  foregoing  measures 
for  obviating  inductive  interference  are  of  a  palliative  nature 
and  asstune  a  condition  of  the  electrification  which  produces 
large  inductive  effects.  Another  class  of  measures  for  avoiding 
interference  looks  to  the  source  of  the  disturbances,  the  electri- 
cal system  of  the  railroad,  and  seeks  to  avoid  the  conditions 
which  produce  large  induction.  This  latter  class  has,  in  general, 
the  advantage  of  benefiting,  not  one  affected  circuit  only,  but 
all  communication  circuits  within  the  area  affected. 

Double  Trolley.  One  radical  and  probably  effective  method 
of  preventing  inductive  interference  from  single-phase  railroads 
would  be  the  use  of  a  double-trolley  circuit  completely  insulated 
from  ground,  thus  avoiding  the  use  of  the  running  rails  as  a  part 
of  the  railway  circuit.  This  method,  however,  is  distinctly  un- 
popular with  railway  men,  mainly  for  operating  reasons,  on 
accotmt  of  the  complexity  of  the  overhead  construction  particu- 
larly in  yards,  and  at  sidings  and  crossovers.  Purely  from  the 
cost  standpoint  this  method  might  have  advantages  in  certain 
cases,  where  the  conditions  of  exposure  are  severe  and  other 
methods  of  restricting  the  earth  currents  are  expensive  to  apply. 
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Frequent  Power  Supply  Stations,  One  of  the  most  important 
methods  of^interf erence-prevention  is  the  provision  of  a  sufficient 
ntmiber  of  substations  to  supply  power  to  the  trolley-rail  cir- 
cuit at  frequent  intervals.  If  the  substations  are  near  enough 
together,  the  amotmt  of  stray  current  and  the  average  length  of 
path  of  such  current  can  be  made  small.  It  is  partictdarly  desir- 
able that  all  sections  of  electrified  railroad  which  are  involved 
in  parallels  be  supplied  with  power  from  both  directions  rather 
than  by  stub  end  feed. 

SectionalizaHon  of  Trolley  System,  Considerable  advantage 
may  be  gained  by  sectionalizing  the  trolley,  thus  decreasing  the 
length  of  the  earth  current  path  as  well  as  reducing  the  amount 
of  power  supplied  to  a  short  circuit.  However,  as  each  separate 
section  of  trolley  requires  an  independent  power  supply  suffi- 
cient for  its  maximum  demand,  the  total  transformer  capacity 
required  for  a  given  length  of  electrified  road  is  much  increased 
by  any  considerable  use  of  trolley  sectionalization.  Notwith- 
standing this  objection  a  limited  amount  of  sectionalizing  may 
be  used  to  advantage  where  the  exposure  is  severe. 

Opposing  Polarities,  On  railroad  lines  having  two  tracks  it 
is  possible  to  connect  the  two  trolleys  for  opposing  polarities, 
so  that  the  current  flowing  in  the  rails  and  earth  is  only  the 
diflEerence  in  the  currents  of  the  two  trolleys.  An  instance  of 
this  method  applied  to  a  direct  durrent  railroad  is  afforded  by 
the  City  and  South  London  Railway  in  England  which  has  been 
so  operated  for  20  years.  As  applied  to  altemating-cturent 
railroads  of  1 1,000  volts,  this  method  is  considered  to  have  serious 
operating  disadvantages  in  respect  to  cross-overs  between 
tracks,  and  for  this  reason  this  plan,  which  was  studied  in  con- 
.  nection  with  the  revision  of  the  Woodlawn-Stamford  electri- 
fication of  the  New  Haven  Railroad  in  1912,  was  not  adopted. 

Balancing  Transformers.  This  method,  which  is  now  employed 
on  the  main  line  electrification  of  the  New  Haven  Railroad,  is 
of  much  benefit  in  reducing  stray  currents,  particularly  where 
power  is  supplied  from  both  directions.  Its  use,  however,  in- 
volves a  combined  transmission-distribution  circuit,  tied  to- 
gether by  the  balancing  auto-transformers,  whereas  the  general 
practise  in  such  matters  seems  to  tend  toward  a  separate  tran- 
mission  line  supplying  power  to  the  trolley-track  circuit  through 
standard  transformers. 

Booster  Transformers.  Another  important  method  of  con- 
trolling railroad  currents  is  by  the  use  of  booster-transformers 
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placed  at  frequent  intervals  along  the  electrified  section.  These 
transformers  have  a  substantially  even  ratio  of  transformation, 
the  primary  winding  being  inserted  serially  in  the  trolley,  and  the 
secondary  winding  inserted  serially  in  the  track  circuit.  In 
this  way  the  track  current  is  required  to  be  substantially  equal 
to  the  trolley  current  at  points  where  the  transformers  are  located. 
By  placing  the  transformers  near  together  the  leakage  of  current 
into  the  earth  between  transformers  is  made  small. 

A  modification  of  this  plan  is  to  install  a  feeder,  electrically 
connected  to  the  rails  at  intervals,  and  insert  the  secondaries 
of  the  booster-transformers  in  series  with  this  feeder.  In  this 
way  the  current  is  confined  to  the  feeder  instead  of  the  rails. 
The  London,  Brighton  and  South  Coast  Railway  embodies  an 
installation  of  this  t3rpe.  This  arrangement  is  somewhat  more 
effective  j)erhaps  than  trolley-track  transformers  but  it  involves 
considerable  additional  expense  for  the  feeder,  which  must  he 
of  high  conductivity.  One  advantage  of  the  feeder-booster,  over 
the  track-booster  arrangement,  is  that,  successful  operation  of  the 
former  is  not  so  dependent  on  high  grade  maintenance  of  the 
track  bonding. 

Specific  Elbctrifications 

Having  now  considered  various  means  which  are  available, 
or  at  least,  worthy  of  being  considered,  for  avoiding  or  reducing 
inductive  interference  to  commtmication  systems  by  alternating- 
current  electrified  railroads,  we  may  now  direct  ovir  attention 
to  some  specific  electrification  installations  and  see  what  has 
actually  been  done  to  prevent  such  interference  and  with  what 
degree  of  success.  In  so  doing  I  will  confine  my  remarks  to  the 
salient  features  of  four  single-phase  installations:  (1)  New  York, 
New  Haven  &  Hartford  Raihroad,  Woodlawn  to  Stamford;  (2) 
New  York,  New  Haven  &  Hartford  Railroad,  New  Canaan 
Branch;  (3)  Norfolk  and  Western  Railroad,  Bluefield  to  Vivian, 
W.  Va. ;  (4)  Pennsylvania  Railroad,  Broad  Street  to  Paoli,  Pa. 

WoodlawnrStamford,  The  original  electric  installation  of  the 
New  York,  New  Haven  and  Hartford  Railroad  Company  be- 
tween Woodlawn,  N.  Y.  and  Stamford,  Coim.,  began  operation, 
in  part,  in  the  summer  of  1907.  This  is  a  section  of  four-track 
railroad,  about  21  miles  in  length,  and  all  power  was  supplied 
by  a  generating  station  at  Cos  Cob  about  three  miles  west  of 
Stamford.  To  move  a  train  at  Woodlawn,  the  current  passed 
for  18  miles  over  the  trolley  wires  and  paralleling  feeders  from 
Cos  Cob  to  the  locomotive,  the  remainder  of  the  circuits  from 
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locomotive  to  Cos  Cob,  being  the  running  rails  and  earth.  The 
telephone  company's  New  York-Boston  subway  is,  throughout 
this  section,  situated  at  varying  separation  averaging  about 
2000  feet  from  the  railroad,  a  sufficient  distance  so  that  the 
inductive  effect  of  the  trolley  current  would  have  been  largely 
neutralized  by  the  inductive  effect  of  the  rail  current,  had  these 
two  currents  been  equal.  However  due  to  the  long  rail  path,  a 
large  part  of  the  current  left  the  rail  and  spread  into  the  earth, 
where  its  effect  in  neutralizing  the  corresponding  part  of  the 
trolley  current  was  negligible.  • 

After  full  electric  passenger  service  between  Woodlawn  and 
Stamford  was  inaugurated,  the  induced  25-cycle  voltage  on 
circuits  in  the  New  Haven  subway,  at  normal  rush  hotu*  periods, 
was  as  much  as  170  volts.  On  the  Shore  Line,  one  of  the  tele- 
phone company's  open  wire  routes  between  New  York  and 
Boston,  the  corresponding 'induced  voltage  was  about  300,  the 
higher  voltage  on  the  Shore  Line  being  principally  accounted 
for  by  about  a  mile  and  a  half  of  expostire  near  Greenwich, 
where  the  average  separation  was  only  about  100  feet.  The  open 
wire  Shore  Line  circuits  were  also  affected  by  noise,  which  was 
most  intense  during  periods  of  train  acceleration,  the  pitch  of 
the  noise  varying  with  the  speed  of  the  train.  The  subway 
circuits  being  in  metal-sheathed,  underground  cable,  and  not 
having  any  section  of  very  close  parallelism,  were  not  made  noisy. 
The  Midland  Line,  another  open  wire  route  between  New  York 
and  Boston,  about  four  miles  away  from  the  railroad  at  the 
nearest  parallel  section,  sustained  corresponding  induction  of 
about  40  volts. 

Wires  of  the  Western  Union  Telegraph  Company,  which  were 
carried  on  poles  located  on  the  railroad  right  of  way,  were  sub- 
jected to  much  higher  voltages.  These  wires,  except  a  few  which 
were  equipped  with  neutralizing  transformers  and  continued 
in  use  by  the  Railroad  Company,  were  removed  to  a  new  pole 
line  which  wae  built  a  number  of  miles  away. 

The  conditions  as  to  induction  continued  substantially  as 
outlined  above  for  a  period  of  four  or  five  years. 

Early  in  1911  the  railroad  company  made  known  its  intention 
to  extend  the  electrification  to  include  the  Harlem  River  branch 
and  the  New  York,  Westchester  and  Boston  Railroad.  The 
former  is  a  six-track  line  used  principally  for  freight,  extending 
about  12  miles  from  its  junction  with  the  main  line,  near  New 
Rochelle,  to  the  Harlem  River.    The  New  York,  Westchester 


Digitized  by  VjOOQIC 


624  WARREN:  INDUCTIVE  EFFECTS  [April  8 

and  Boston  Railroad,  which  is  partly  four-track  and  partly 
two-track,  was  constructed  principally  for  suburban  service 
and  extends  from  West  Farms  at  176th  Street,  where  it  forms  a 
junction  with  the  Harlem  River  branch,  to  White  Plains,  a 
distance  of  16  miles.  A  branch  six  miles  north  of  West  Farms 
taps  the  main  line  of  the  New  Haven  Railroad  just  east  of  New 
Rochelle.  These  two  new  lines  involved  the  direct  connection, 
to  the  Western  end  of  the  previously  electrified  section,  of 
additional  electrified  line  to  the  extent  of  about  200  miles  of 
single  track  railroad.  Moreover,  it  was  planned  that,  after  the 
Harlem  River  branch  was  electrified,  freight  trains,  as  well  as 
passenger  trains,  on. the  entire  system  west  of  Stamford  shotild 
be  operated  electrically. 

This  proposed  large  extension  of  the  electrification,  with  its 
resulting  increase  in  load,  caused  considerable  apprehension  to 
us  of  the  telephone  company.  Our  estimates  of  induced  voltages 
under  the  new  conditions,  based  on  the  Railroad  Company's 
estimates  as  to  future  train  loads,  indicated  over  1500  volts  on 
the  Shore  Line  and  nearly  1000  volts  on  the  subway.  These 
values  corresponded  to  maximum  normal  railroad  loads  and  the 
induction  would  have  been  still  greater  at  times  of  abnormal 
conditions.  Voltages  of  this  magnitude  are  far  beyond  the  endur- 
able limit  for  the  telephone  company  and  the  matter  was  taken 
up  by  the  companies  with  a  view  to  determining  what  could  be 
done  to  ameliorate  the  situation. 

In  January  1912,  a  joint  committee  of  engineers,  comprising 
a  representative  each  of  the  New  Haven  Railroad  Company, 
the  Western  Union  Telegraph  Company,  and  the  Telephone 
Company,  was  formed  to  study  this  question.  Several  different 
plans  for  modifying  the  railroad  distribution  system  were  laid 
before  this  committee.  After  six  meetings  during  the  ensuing 
three  months,  a  plan  was  decided  upon  and  a  sub^committee  of 
engineers  was  designated  to  work  out  the  details. 

This  new  distribution  system  involved  quite  a  comprehensive 
change  in  the  original  installation.  It  was  cut  over  on  January 
15, 1914  and  has  been  found  to  bring  about  a  great  improvement 
with  respect  to  induction. 

Besides  an  additional  power  supply  station  at  West  Farms, 
which  in  itself  effects  a  considerable  improvement,  the  new  dis- 
tribution system  includes  the  use  of  17  balancing  auto-trans- 
formers of  2000  kv-a.  capacity  each.  These  are  distributed 
along  the  line,  in  such  locations  as  are  most  advantageous  tor 


Digitized  by  VjOOQ IC 


1918]  WARREN:  INDUCTIVE  EFFECTS  626 

supplying  power  to  the  trolley  circuit,  so  as  to  minimize  the 
length  of  path  of  current  through  the  rails. 

As  full  accounts  of  this  distribution  system  have  been  pub- 
lished I  will  not  undertake  an  extended  description  of  it  here. 

The  same  system  has  since  been  used  by  the  Railroad  Company 
in  extending  the  electrification  from  Stamford  to  New  Haven. 

At  present,  the  induced  voltages  on  the  through  circuits  in 
the  subway  seldom  exceed  30  volts  imder  normal  conditions  of 
railroad  operation. 

The  principal  interference  now  incurred  (apart  from  that 
due  to  the  New  Canaan  Branch  which  is  discussed  elsewhere) 
is  in  connection  with  railroad  short  circuits  in  the  vicinity  of 
Stamford.  Within  the  section  from  2  miles  West  of  Stamford 
to  5  miles  East  of  Stamford,  local  subscribers'  lines  and  trunk 
lines  have  been  affected  by  false  bell  ringing,  false  flashing  of 
line  signals,  and  grounding  of  protectors,  on  about  twenty 
different  occasions  in  the  past  three  years,  an  average  of  twenty 
lines  being  affected  on  each  occasion.  It  is  of  interest  to  note 
that  these  troubles  are  localized  within  this  seven-mile  section 
of  the  sixty-mile  electrification  from  Woodlawn  to  New  Haven, 
and  also  that  it  is  at  approximately  the  middle  of  this  seven-mile 
section  that  the  New  Canaan  Branch,  referred  to  immediately  be- 
low, joins  the  Main  Line. 

New  Canaan  Branch.  In  1907  the  New  Canaan  Branch  of 
the  New  Haven  Railroad,  which  previously  had  been  operated 
at  500  volts  direct-current,  was  reconstructed  and  its  trolley 
connected  directly  to  the  11, 000- volt  trolley  on  the  main  line 
near  Stamford. 

This  branch  is  about  six  miles  long,  single  track,  and  the 
traflSc  is  light  so  that  under  normal  conditions  of  operation  no 
interference  with  telephone  or  telegraph  lines  was  produced. 
However,  the  telephone  circuits  have  been  subjected  to  a  great 
deal  of  interference  from  this  branch,  due  to  short  circuits.  Owing 
to  the  conditions  of  power  supply,  the  short-circuit  current  at 
New  Canaan  is  about  2500  amperes  or  ten  times  the  maxi- 
mum load  current.  At  points  nearer  the  main  line  the  short- 
circuit  current  is  even  greater. 

The  inductive  effects  of  the  New  Canaan  branch  were  aug- 
mented by  the  large  proportion  of  earth  current,  due  to  the  rel- 
atively high  impedance  of  the  single  track.  Momentarily 
voltages  as  high  apparently  as  1000  were  imposed  on  trunks 
between  New  Canaan  and  other  places  and  voltages  up  to  500 
on  many  telephone  circuits  in  the  New  Cansian  exchange.   These 
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induced  voltages  operated  protectors,  permanently  grounded  and 
put  out  of  service  many  telephone  lines  and  subjected  operators 
to  severe  acoustic  shocks.  Due  to  the  recurrence  of  these  surges, 
the  operators  in  the  New  Canaan  office  became  so  afraid  of 
shocks  that  the  operating  efficiency  was  seriously  impaired. 

In  1913,  after  several  unusually  severe  surges  from  short 
circuits  had  been  experienced,  the  matter  of  finding  some  means 
to  overcome  this  interference,  which  had  already  been  under 
consideration  by  the  telephone  and  railroad  companies,  was 
taken  up  with  renewed  energy.  Various  plans  were  proposed 
and  an  extended  series  of  experimental  tests  and  measurements 
were  made,  as  a  result  of  which,  means  were  finally  agreed  upon 
as  follows:  1.  To  keep  the  rails  well  bonded.  2.  To  insert  a 
current-limiting  reactance  in  the  trolley,  near  its  junction  with 
the  main  line  trolley,  so  as  to  restrict  the  short-circuit  current. 
3.  To  install  12  series  booster  track-trolley  transformers  at  in- 
tervals of  about  3^  mile.  4.  Readjust  the  circuit-breaker,  at  the 
junction  with  the  main  line,  for  instantaneous  operation. 

From  the  tests  and  from  experience  with  six  booster  trans- 
formers, it  is  believed  that  the  above  mentioned  measures  will 
be  effective  in  preventing  this  interference  although  the  full 
installation  of  transformers  and  the  current  limiting  reactance 
has  not  yet  been*  completed. 

It  is  of  interest  to  note  that  the  balancing  transformer  plan, 
although  generally  giving  good  restdts  on  the  main  line  of  the 
New  Haven  Railroad,  does  not  afford  an  effective  means  for 
preventing  inductive  interference  under  such  conditions  as  exist 
on  the  New  Canaan  Branch. 

Norfolk  and  Western  Railroad  Electrification,  This  electrified 
section  is  between  Bluefield  and  Vivian,  West  Virginia,  a  dis- 
tance of  approximately  28  miles.  The  railroad  is  double  track 
with  numerous  yards  and  sidings  and  includes  some  heavy  grades. 
The  power  house  for  supplying  power  to  the  electrified  section 
is  located  at  Bluestone,  about  10.8  miles  west  of  Bluefield. 
Power  is  transmitted  by  duplicate  single-phase  transmission 
lines  at  44,000  volts  to  five  substations,  the  distances  between 
which,  respectively,  beginning  at  Bluefield,  are  8.2,  4.6,  6.6  and 
4.8  miles.  At  these  substations  the  voltage  is  stepped  down  to 
11,000  for  delivery  to  the  trolley-track  circuit  which  is  elec- 
trically continuous  throughout  from  Bluefield  to  Vivian. 

The  original  plans  for  this  electrification  were  taken  up  with 
the  telephone  company  who  proposed  some  modifications  for 
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the  better  protection  of  the  paralleling  communication  circuits. 
The  plans  as  modified  include  23  series  booster  trolley-track 
transformers,  the  average  spacings  of  which  are,  east  of  the  t)0wer 
house,  about  a  mile  and  a  half,  and  west  of  the  power  house 
about  a  mile.  Each  transformer  is  100  kv-a.  continuous  rating 
and  400  kv-a.  for  2  i  minutes. 

One  telephone  line  paralleling  this  road  has  several  exposures 
of  about  600  feet  separation  from  the  railroad  and  there  are 
also  local  circuits  of  the  Bluefield  Telephone  Company  in  prox- 
imity to  the  railroad.  No  trouble  has  been  reported  from  in- 
duction under  normal  railroad  conditions.  At  times  when  the 
electrification  wires  are  down  noise  has  been  experienced  on  some 
of  the  above  mentioned  circuits.  Also  a  telephone  trunk  circuit 
which  crosses  the  railroad  underground  is  sometimes  thrown 
out  of  service  when  the  railroad  circuit  is  in  trouble,  by  reason 
of  the  copper  block  protectors  at  the  crossing  becoming  grounded. 
Some  trouble  has  been  sustained  from  corrosion  of  lead  cable 
sheaths  at  underground  crossings  of  the  railroad  in  Bluefield 
but  it  has  not  been  established  whether  or  not  this  is  due  to 
electrolysis  by  the  alternating  railroad  currents. 

Broad  Street — Paoli,  Plans  for  electrifying  the  Pennsyl- 
vania Railroad's  four-track  main  line  from  Broad  Street  to 
Paoli  were  announced  early  in  1913.  The  question  of  inter- 
ference with  the  telephone  company's  lines  was  taken  up  with 
the  engineers  representing  the  railroad  company  and  several 
plans  looking  to  the  prevention  of  interference  were  considered. 
As  a  result  of  the  best  information  then  available  it  was  decided 
in  1914  to  install  series  booster  trolley- track  transformers  for 
the  purpose  of  confining  the  current  to  the  rails. 

The  power  for  this  electrification  is  conveyed  by  a  44,000- 
volt  26-cycle  transmission  line  to  three  substations,  one  each 
at  West  Philadelphia,  Bryn  Mawr  and  Paoli,  and  from  these 
substations  supplied  to  the  trolley- track  circuit  at  11,000  volts. 
Sixteen  pairs  of  trolley-track  transformers,  each  transformer 
equipping  two  tracks  and  having  a  continuous  rating  of  80  kv-a. 
and  600  kv-a.  for  one  minute,  are  provided,  the  spacing  between 
transformers  being  about  one  mile. 

The  regular  operation  of  electric  passenger  trains  between 
Broad  Street  and  Paoli  was  begun  during  the  latter  part  of 
September,  1915.  Extended  induction  tests  were  made  on  the 
section  east  of  Bryn  Mawr  in  April,  1915  and  on  the  entire  line 
in  the  following  August.  Further  induction  tests  were  made 
in  the  summer  of  1916. 
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In  July,  1916,  the  Railroad  Company  commenced  operating 
synchronous  condensers  at  Radnor  and  it  has  been  found  that, 
with  these  condensers  in  use,  the  booster  transformers  are  greatly 
overloaded  at  times  of  short  circuit.  This  results  in  the  trans- 
former iron  becoming  heavily  saturated  and  the  magnetizing 
current,  consisting  largely  of  the  third  harmonic,  which  tmder 
these  conditions  reaches  very  high  values,  necessarily  flows 
through  the  ground.  The  current  wave  is  badly  distorted  as  a 
result  of  this  overloading  and  the  induced  voltages  during  short 
circuits  may  actually  be  higher  with  the  booster-transformers 
than  without  them;  in  fact,  it  has  been  found  preferable  to 
remove  the  booster  transformers  east  of  Bryn  Mawr,  and  only 
those  from  Bryn  Mawr  west  are  now  regularly  in  service. 

With  all  booster  transformers  in  service  the  maximum  in- 
duced voltages,  (peak  values)*,  during  normal  operation  are 
about  10  for  subscribers'  lines  and  25  for  trunk  lines;  at  times 
of  short  circuit,  calculations  based  upon  experimental  data 
show  that  the  maximum  voltages  may  exceed  1000  on  sub- 
scribers' lines  and  1200  on  tnmk  lines.  With  all  booster  trans- 
formers cut  out,  the  corresponding  figures  are,  for  normal  opera- 
tion, 50  volts  for  subscribers'  lines  and  125  volts  for  trunks  and, 
at  times  of  short  circuit,  225  volts  for  subscribers'  lines  and 
900  volts  for  trunks.  These  figures  assume  two  condensers 
in  service. 

This  section  of  railroad  follows  through  a  highly  developed 
suburban  area  where  disturbances  on  telephone  lines  are  ex- 
tremely undesirable.  Unfortunately,  a  considerable  number  of 
cases  of  bell  ringing  due  to  short  circuits  on  the  railroad  circuit 
have  been  experienced.  Not  all  short  circuits  cause  bell  ringing 
however. 

During  the  first  three  months  of  electric  operation,  namely, 
October,  November  and  December,  1915,  the  number  of  short 
circuits  causing  bell  ringing  averaged  10  per  month  and  the  bell 
ringing  troubles  over  2000  per  month.  During  the  following 
seven  months  the  average  number  of  short  circuits  causing  bell 
ringing,  fell  to  4.5  per  month  and  the  bell  ringing  troubles  from 
735  in  January  to  57  in  July.  Since  July,  1916,  the  number  of 
short  circuits  per  month  which  caused  bell  ringing  have  been 

*0n  account  of  the-wave  shape  distortion  described  above  it  was 
found  advantageous  here  to  measure  peak  voltages  rather  than  effective 
voltages  and  all  values  of  voltage  mentioned  in  this  discussion  of  the 
Paoli  electrification  are  peak  values. 
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further  reduced  and  during  the  year  1917  averaged  about  1.5 
per  month. 

The  improvemesnt  in  the  bell  ringing  situation  after  January 
1916  and  up  to  August  1916,  was  due  partly  to  changes  in  the 
railway  control  circuits  and  in  the  operating  arrangement  of 
circuit  breakers,  and  partly  to  the  substitution  of  relay  sets  for 
standard  party  line  bells,  at  subscribers'  stations  within  the 
regions  of  heaviest  inductive  disturbances,  and  the  biasing  of 
bells  within  the  areas  of  less  disturbances.  This  work  required 
changes  in  subscribers'  apparatus  at  about  3000  stations. 

The  synchronous  condensers  installed  in  the  latter  part  of 
July,  1916,  increased  the  maximtun  voltages  impressed  on  the 
telephone  circuits  at  times  of  short  circuit  on  the  railroad,  so 
that  while  the  actual  number  of  short  circuits  causing  bell  ring- 
ing has  been  reduced  since  that  date,  the  average  number  of 
bell  ringing  troubles  per  month  has  increased.  From  August 
1916  to  December  1917  inclusive,  there  were  22  short  circuits 
causing  bell  ringing  and  1589  bell  ringing  troubles,  an  average  of 
72;  whereas  for  the  five  months'  period  preceding  the  installa- 
tion of  the  synchronous  condensers,  there  were  20  short  circuits 
causing  bell  ringing,  and  356  bell  ringing  troubles,  an  average 
of  18,  or  one-quarter  of  the  corresponding  average  number  in 
the  later  period.  During  the  year  1917,  45  per  cent  of  the  bells 
nmg  were  on  direct  lines  and  not  grounded. 

The  high  induced  voltages  causing  bell  ringing  have  been 
experienced  over  the  entire  electrified  portion  of  the  Main  Line 
except  within  about  three  miles  of  Broad  Street.  It  is  forttmate 
that  the  region  of  high  induced  voltages  does  not  extend  to 
Broad  Street,  otherwise,  owing  to  the  density  of  telephone 
development  within  that  district  the  trouble  would  be  exceed- 
ingly diflScult  to  cope  with. 

In  a  small  percentage  of  cases  where  bells  are  rung  the  in- 
duced voltages  are  sufiicient  to  leave  the  telephone  lines  grounded 
through  the  protectors,  thus  interrupting  service. 

Methods  of  signaling  on  call  circuit  trunks  involving  use  of 
the  ground  have  had  to  be  abandoned. 

Noise  tests  made  on  ten  trunks  which  parallel  the  electrifica- 
tion indicate  that  the  induced  currents  from  the  railroad  cause 
a  small  amount  of  noise  but  not  enough  to  constitute  interfer- 
ence with  service  on  these  comparatively  short  lines.  However, 
I  may  mention  the  fact  that  in  the  construction  of  the  new 
Philadelphia-Reading  toll  cable,  in  which  the  requirements  as 
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to  freedom  from  noise  are  more  exacting  than  in  the  case  of  the 
shorter  Main  Line  trunks,  the  liability  of  noise,  together  with 
other  features  of  interference,  was  considered  a  sufficient  reason 
for  changing  to  a  different  route  in  order  to  avoid  exposure  to 
the  electrified  section  of  the  railroad.  The  route  adopted  in- 
volves charges  of  $1000  a  year  more  than  the  route  exposed  to 
the  electrification,  which  otherwise  would  have  been  followed. 

None  of  the  telephone  company's  circuits  affected  by  the 
electrification  are  now  used  for  telegraphy,  hence  there  has  been 
no  interference  with  this  type  of  service.  It  is  expected,  however, 
that  telegraph  service  over  the  paralleling  toll  circuits  will  be 
required  later  and  to  give  this  service  it  will  be  necessary,  unless 
there  is  some  new  development,  to  employ  neutralizing  trans- 
formers with  their  attendant  disadvantages  and  limitations. 

The  high  Voltages  induced  oil  the  tdephone  lines  at  times  of 
short  circuits,  also,  iti  the  opinion  of  the*  teleph^me  company, 
constitute  a  considerable  fire  hazard,  although  it  is  fortunately 
true  that  no  fires  have  as  yet  been  caused.  All  tenninating 
trunks  at  the  three  directly  exposdd  offices  west  of  Brjm  Mawr 
have  been  provided  with  carbon  block  and  heat  coil  protection. 
As  these  tnmks  are  in  underground  cable,  they  would  not 
reqtiire  these  protective  devices  except  for  the  induced  voltages. 
As  an  additional  precaution  against  fire  the  telephone  company 
has  maintained  a  special  force  of  night  watchmen  at  several 
central  offices  throughout  this  area  where  regularly  there  are 
no  inside  men  at  flight,  thereby  incurring  an  expense  of  about 
$18,000  per  year.  As  a  still  further  precaution,  tnmks  to  cer- 
tain offices  west  of  Malvern  were  for  a  time  provided  with  re- 
peating coils  at  Malvern,  but  it  has  recently  been  necessary  to 
phantom  these  circuits,  which  has  required  the  removal  of  the 
repeating  coils.  '  ' 

A  large  number  of  the  trunks  affected  by  induction  from  this 
electrification  are  equipped  with  loading  coils.  Tests  on  these 
coils  show  that  more  than  20  per  cent  of  them  are  magnetized 
to  a  greWer  or  less  extent  but  it  has  not  yet  been  determined 
whether  this  trouble  has  been  brought  about  wholly  or  in  part 
by  induced  currents  from  the  railroad  circuits  or  whether  it  is 
due  to  other  causes. 

Within  the  area  of  high  induced  potentials,  telephone  sub- 
scribers and  employees  are  exposed  to  the  possibility  of  electric 
shocks  at  times  of  short  circuit  on  the  railroad.  Portixnately, 
however,  no  troubles  from  such  shocks  have  yet  transpired. 
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Telephone  operators  and  users  are  also  exposed  to  the  possi- 
bility of  acoustic  shocks  at  times  of  surges  from  short  circuits, 
although  no  serious  acoustic  shocks,  due  to  this  electrification, 
have  been  reported. 

It  will  be  seen  from  the  foregoing  that,  notwithstanding  all 
that  has  been  done  by  the  railroad  company  and  the  telephone 
company  to  reduce  interference,  there  still  remain,  at  times  of 
short  circuits,  certain  hazards  of  fire  and  shocks,  bell  ringing 
trouble,  and  other  latent  interference  as  described.  While  this 
impending  interference  has  not,  with  the  exception  of  bell 
ringing,  actually  materialized  into  trouble,  nevertheless  the  pos- 
sibility of  such  trouble  is  continually  present  and  the  condi- 
tions can  by  no  means  be  regarded  as  satisfactory. 

Looking  to  further  improvement  in  the  situation  a  number 
of  plans  which  involve  changes  in  the  distribution  system  of 
the  railroad,  have  been  worked  out.  The  plan  which,  on  the 
whole,  seems  entitled  to  the  most  favorable  regard,  involves  the 
installation  of  additional  power  supply  transformers  at  Radnor 
and  at  a  point  16^^  miles  from  Broad  Street,  and  also  includes 
the  sectionalizing  of  the  trolley  at  both  these  points.  This 
plan  further  requires  the  moving  of  the  Berwyn-Malvem 
aerial  telephone  cable  to  a  more  remote  location.  By  the  adop- 
tion of  this  plan  it  is  estimated  that  the  maximum  induced 
voltage  at  times  of  short  circuits  would  be  brought  down  to  250. 
This  would  largely  reduce,  but  not  wholly  avoid,  the  fire  and 
shock  hazards,  bell  ringing  on  direct  lines,  and  the  other  evils 
involving  the  operation  of  protectors.  The  cost  of  canying  out 
this  plan,  including  labor  and  material  only,  has  been  estimated 
at  $140,000. 

Another  plan,  involving  more  extensive  changes  in  the  power 
supply  and  distribution  system  to  avoid  wholly  the  interference 
and  hazard,  would  require  a  much  larger  expenditure  and  per- 
haps would  not  be  warranted  by  the  existing  situation. 

A  different  plan  would  be  to  install  sufficient  additional 
booster-transformers  so  that  they  would  not  become  overloaded 
at  times  of  short  circuits.  This  would  probably  require  placing 
the  boosters  one-third  to  one-half  mile  apart  and  would  cost 
from  $85,000  to  $160,000.  This  plan  has  not  been  worked  out 
in  detail,  as  the  railroad  company  objects  to  the  introduction  of 
insulating  joints  in  the  trolley  wires  at  such  frequent  intervals. 
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Conclusion 

It  may  be  said  in  conclusion  that  means  are  now  known  where- 
by alternating  railway  currents  can  be  kept  sufficiently  within 
control,  except  tmder  abnormal  conditions,  to  prevent  sub- 
stantial interference  to  neighboring  communication  lines,  al- 
though the  application  of  such  means  to  the  extent  necessary 
to  produce  satisfactory  results  may  involve  considerable  expense. 

Even  tmder  abnormal  conditions  the  interference  can  be 
greatly  reduced  by  the  application  of  suitable  measures,  but  in 
some  cases  there  still  remains  the  problem  of  obtaining  a  suffi- 
cient reduction  of  interference  without  incurring  a  cost  which 
the  railroad  companies  consider  excessive. 

It  is  important  in  each  electrification  project  that  the  railroad 
company  and  the  communication  companies  affected  cooperate 
in  determining  what  interference-preventive  measures  shall  be 
adopted.  Each  electrification  requires  a  special  study,  as  the 
best  measures  to  employ  may  be  quite  different  in  different  cases. 

I  wish  to  take  this  opportimity  to  testify  to  the  broad  minded 
and  cordial  manner  in  which  the  railroad  companies  and  electri- 
cal manufacturers  concerned  have  cooperated  with  us  in  search- 
ing for  a  satisfactory  solution  of  this  problem,  a  work  which, 
it  is  probably  tmnecessary  to  add,  is  still  in  progress. 
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Discussion  on  "Inductive  Effects  of  Alternating  Current 
Railroads  on  Communication  Circuits"  (Warren), 
Philadelphia,  Pa.,  April  8,  1918. 

Marius  Latour  (communicated  after  adjournment):  It  may 
be  of  interest  to  call  attention  to  a  very  simple  system  proposed 
by  the  writer  in  1912,  based  on  resonance,  and  which  allows 
a  Morse  telegraphic  line  to  be  operated  in  spite  of  strong  dis- 
turbing alternating  e.  m.  fs.  This  system,  which  was  put  in 
operation  on  the  French  Midi  (Southern)  railway,  was  new 
at  the  time  of  its  introduction  there.  It  comprises  three  princi- 
pal features: 

1.  Connected  in  parallel  with  the  receiving  apparatus,  prefer- 
ably ahead  of  the  sending  key,  is  a  resonance-circuit  capable 
of  eliminating  the  disturbing  ctirrent,  and  operating  in  combi- 
nation with  a  definite  inpedance,  connected  in  series  with  the 
receiving  apparatus,  which  exaggerates  the  shunt  effect  of  the 
resonance-circuit. 

2.  Coimected  in  series  with  the  telegraphic  line  is  a  suit- 
able  impedance   capable   of  reducing   the  disturbing   current 


\ 

B 

jL 

N   I 

^^ 

1    t 

T 

1 

i  J- 

1 

■f- 

?  T 

Fig.  1 

while  allowing  the  telegraphic  signal  currents  to  pass  through 
without  deformation. 

3.  The  impedance  inserted  in  the  line  is  distributed  all 
along  the  line  so  as  to  reduce  the  maximum  potential  difference 
between  the  telegraphic  line  and  the  ground. 

I.  Connection  on  Resonance  Circuit  in  Parallel  with 
Telegraphic  Receiving  Apparatus 
The  Morse  receivers  are  connected  in  parallel  with  the  two 
corresponding  stations  A,  B,hy  resonance-circuits  L,  C  (Fig.  1) 
which  are  tuned  to  the  frequency  of  the  electric  railway  current, 
in  other  words,  to  the  frequency  of  the  interfering  current; 
and  an  impedance,  Z,  is  at  the  same  time  connected  in  series 
with  the  receiving  apparatus.  The  resonance-circuits,  L,  C, 
are  connected  ahead  of  the  sending  key.  In  this  manner,  the 
circuit  for  the  interfering  current  over  the  line  is  never  opened 
by  the  operation  of  the  sending  key  at  either  end,  because  the 
sending  key  closes  one  branch  circuit  as  it  opens  another,  in 
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the  manner  shown  in  the  diagram;  and  the  conditions  remain 
favorable  for  the  continuous  maintenance  of  resonance. 

For  thfe  frequency  of  \&/z  cycles,  which  is  that  quite  generally 
employed  for  traction  by  single-phase  current  in  the  case  of 
motors  of  high  power,  it  will  be  assumed  that  the  inductance 
is  50  henries  and  the  capacity  is  2  microfarads.* 

The  inductance  of  the  reactance-coil  L,  is  constructed  with 
an  iron  magnetic  circuit.  It  was  believed  by  some  that  it 
was  not  possible  to  obtain  resonance  successfully  for  currents 
of  a  few  tens  of  milliamperes  with  an  inductance  comprising  a 
magnetic  circuit  of  iron.  This  opinion  is  even  still  to  be  found 
expressed  in  January  1914,  in  the  German  Post  and  Telegraph 
Annals.  But  this  opinion,  while  it  might  have  a  theoretical 
basis,  is  not  borne  out  by  practical  experience.  While  it  may 
be  true  that  the  permeability  of  iron,  in  the  case  of  low,  var- 
iable, magnetic  densities,  is  a  function  of  the  density,  it  is  none 
the  less  true  that  a  small  air-gap  is  sufficient  to  render  the 
total  reluctance  of  the  magnetic  circuit  quite  imiform;  the 
irregularities  in  the  permeability  can  then  manifest  them- 
selves at  most  only  by  the  formation  of  a  residual  impedance 
corresponding  to  the  appearance  of  harmonics  which  produce 
no  effect  on  a  Morse  receiver.  With  good  sheets  of  silicon 
steel  for  the  magnetic  core,  it  is  easily  possible  to  obtain  an 
inductance  of  60  henries,  having  a  small  air-gap  and  which 
occupies  but  little  space,  and  whose  apparent  ohmic  resistance, 
for  the  frequency  of  16^/8,  is  of  the  order  of  a  few  hundreds 
of  1  ohm. 

The  construction  of  a  reactance-coil  without  an  iron  core, 
and  having  a  reactance  of  50  henries  and  such  a  low  ohmic 
resistance,  would  be  impracticable. 

In  reality,  the  frequency  of  the  railway  traction  current 
is  not  absolutely  constant,  and  it  is  to  be  expected  that  the 
resonance  cannot  be  perfectly  ttmed.  For  example,  if  we  suppose 
the  frequency  to  vary  5  per  cent  above  and  5  per  cent  below,  the 
normal  frequency,  or  10  per  cent  altogether,  the  impedance  L,  C, 
can  attain  500  ohms  in  reactance  or  in  capacitance,  according  to 
whether  the  frequency  is  falling  or  rising  with  respect  to  its 
mean  value,  and  it  will  be  seen  that  the  apparent  ohmic  resist- 
ance of  the  reactance-coil  is  not  the  only  thing  to  be  taken 
into  consideration. 

It  is  necessary  to  exaggerate  the  effect  of  the  parallel  re- 
sonance-circuit L,  C,  by  placing  in  series  with  the  receiving 
apparatus  an  impedance  Z  which  increases  the  total  impedance 
of  the  portion  of  the  circuit  containing  the  telegraphic  receiver. 
This  impedance,  Z,  may  be  composed  either  of  an  inductance 
or  of  an  ohmic  resistance.     The  advantage  of  using  an  ohmic 

*The  frequency  of  16}  is  designated  with  this  precision  because 
one  has  in  mind  the  process  of  transformation,  by  means  of  motor- 
generators,  by  which  this  frequency  can  be  equally  obtained  from  the 
higher  industrial  frequencies,  50  and  25  periods:  16*/8  «50/3  »(2x25)/3. 
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resistance  is  that  equivalent  and  S3anmetrical  effects  are  obtained 
when  dissonance  of  the  shunt  circuit  i,  C,  is  produced,  either 
by  an  increase,  or  else  by  a  decrease,  of  the  frequency,  in  other 
words,  when  the  shtmt  circuit  L,  C,  has  either  capacitance  or 
else  reactance. 

II.     Connection  op  Suitable   Impedance   in   Series   with 
THE  Telegraph  Line 

Considering  the  importance  of  jthe  e.  in.  f.  which  causes 
interference,  it  is  desirable  to  reduce  the  strength  of  the  inter- 
fering   current    diverted    into    the    resonance-shunt.     This    is 


(WOWWd 


WNA/WNAA/ 
Fig.  2 


R  L 


Fig.  3 


accomplished  by  introducing,  in  the  line,  an  impedance  composed 
of  an  inductance,  i,  and  a  resistance,  R,  connected  either 
in  parallel,  as  in  Fig.  2,  or  in  series,  as  in  Fig.  3.  The  resistance 
portion  is,  in  any  case  indispensable,  in  order  that  the  time- 
constant  of  the  fine  may  not  be  too  high,  and  to  prevent  the 
Morse  signals  from  running  together.  It  is  possible  to  use 
resonance  in  a  new  way  to  oppose  a  high  impedance  to  the 
interfering  current.  It  was  for  this  purpose  that  Mr.  Bethenod 
and  the  writer  devised,  together,  an  impedance  composed  of 
an  inductance,  i,  and  a  capacity,  C,  connected  in  parallel  (Fig.  4). 


L 


Fig.  4 


If  this  arrangement  be  regulated  so  as  to  produce  resonance 
(for  example,  by  making  L  =  50  henries  and  C  =  2  micro- 
farads, for  a  frequency  of  16'/ a)  an  impedance  will  be  obtained 
which  is  equal,  theoretically,  to  the  reactance  of  the  inductance 
(6000  ohms)  multiplied  by  the  ratio  of  this  reactance  to  the 


resistance  of  the  coil  (or  500  X 


5000 
500 


=    5000  ohms).     Practi- 


cally, a  very  high  impedance  is  obtained.     The  arrangement 
shown  in  Fig.  4  is  some  times  called  a  ''stopper*'.     The  in- 
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ductance  L  is  constructed  in  the  same  way  as  that  used  in  the 
resonance  shunts. 

When  the  arrangement  is  not  in  resonance,  it  has  a  weaker 
impedance,  which  is  a  reactance  if  the  frequency  is  too  low, 
and  a  capacitance  if  the  frequency  is  too  high.  In  order  to 
maintain  the  time-constant  of  the  line  at  a  proper  ratio,  it 
is  necessary  to  put  stiU  more  resistance,  R,  in  series  with  the 
''stopper",  as  shown  in  Fig.  5. 

In  the  complete  arrangement  (Fig.  6)  comprising  resonance- 


PlG.  6 

shunts  at  the  stations  A  and  -B,  and  a  stopper,  D,  between 
the  two  stations,  the  resistance  R  is  already  connected  in  series 
with  the  Morse  receiver,  where  it  already  fulfills  the  function 
of  the  impedance  Z,  shown  in  Fig.  7.  In  reality,  it  will  be 
seen,  by  reference  to  Fig.  6  that  an  interfering  current  which 
can  close  its  circuit  through  line  leakage  between  station  A 
and  the  point  at  which  the  stopper  D  is  located  will  go  through 
station  A  without  being  stopped  by  the  stopper  D,  and  that,  in 


-^P- 
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Fig.  6 


like  manner,  the  charging  current  of  the  line  (due  to  the  fact 
that  the  telegraph  line  and  the  line  parallel  thereto  which 
carries  the  traction  current  form  the  two  armatures  of  a  con- 
denser that  is  charged  by  the  potential  difference  between  the 
traction  line  and  the  ground)  circulates  through  station  A 
without  being  stopped  by  the  stopper  D,  It  would  seem,  there- 
fore, that  in  order  to  utilize  satisfactorily  the  properties  of  the 
stoppers,  each  station  should  directly  be  protected  by  a  stopper 
at  its  point  of  connection  with  the  line.     However,  the  question 
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of  introducing  a  stopper  at  each  station  brings  up  the  question 
of  connection  stoppers  in  series. 

Now,  one  of  the  difficulties  in  the  use  of  stoppers  is  that 
they  cannot  be  connected  in  series  without  certain  precautions. 
Let  us  suppose,  for  instance,  that  two  stoppers  are  not  tuned 
exactly  alike,  as  for  instance,  when  one  is  tuned  for  the  fre- 


rqp--T--qp-i 


Fig.  7 


quency  /i  while  the  other  is  tuned  for  a  frequency  /i,  very  near 
to  it  but  still  different  from  it.  For  an  intermediate  frequency 
between  /i  and  fi,  which  will  be  too  high  for  one  of  them  and 
too  low  for  the  other,  one  of  the  stoppers  will  act  as  a  capacity, 
*.  e.,  it  will  have  capacitance,  while  the  other  will  act  as  an 
inductance,  *.  e.,  it  will  have  reactance.     It  could  thus  happen 


Fig.  8 

that  the  connecting  in  series  of  two  stoppers  might  produce 
actual  resonance  in  the  line  and  that  while  expecting  to  produce 
an  infinitely  high  impedance  a  short-circuit  might,  instead, 
be  produced. 

By  a  sinwlar  process  of  reasoning  it  could  be  shown  that  it 
is  impossible  to  connect  two  resonance  shimts  in  parallel.    The 
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connecting  in  parallel  of  two  resonance-shunts  which  are  not 
absolutely  alike  in  aU  respects  may  cause  the  unexpected  ap- 
pearance of  a  shimt-connection  of  very  high  impedance.  A 
stopper  can  be  placed  at  the  line  connection  at  each  station 
by  placing  a  resonance-shunt  in  the  middle  of  the  line  so  that 
the  two  stoppers  can  operate  independently  of  each  other,  as 
shown  in  Fig.  7,  which  shows  a  very  effective  arrangement. 
The  writer  has  also  proposed  to  give  to  the  impedance  Z,  in 
Fig.  1,  the  form  of  a  more  or  less  perfectly  tuned  stopper.  In 
that  case  the  resistance  R  must  be  inserted  in  the  line  and  the 
arrangement  is  as  shown  in  Fig.  8.  The  resistance  R  reduces 
the  strength  of  the  interfering  current  and  it  maintains  the 
time-constant  of  the  telegraphic  circuit  at  a  value  suitable  for 
the  transmission  of  telegraphic  signals.  The  simultaneous  use 
of  resonance-shunts  and  stoppers  increases  greatly  the  range 
of  protection  obtainable,  and  it  would  be  a  conservative  statement 
to  say  that  the  effects  of  an  interfering  e.  m.  f .  of  the  order  of 
600  volts  can  be  overcome  with  an  e.  m.  f.  of  100  volts  in  the 
telegraph  line. 

III.    Distribution  op  Impbdancb  in  the  Line 

It  is  desirable  to  find  means  of  reducing  the  potential  differ- 
ence between  the  telegraph  wires  and  the  grotuid  in  order  to 
enable  the  telegraph  wires  to  be  handled  without  danger  in 
making  line  repairs.  This  result  is  attained  by  distributing 
along  the  entire  line  the  impedance  which  serves  to  limit  the 
strength  of  the  interfering  current.  For  example,  an  imped- 
ance of  10,000  ohms  would  be  subdivided  into  5  portions  of 
2000  ohms  each.  Under  these  conditions  the  potential  differ- 
ence induced  in  the  telegraph  line  is,  so  to  speak,  consumed  as 
fast  as  it  is  produced,  along  the  line,  by  the  fall  of  potential 
caused  in  the  impedance.  If  the  induction  produced  was 
uniform  along  the  line  and  if  the  impedance  were  tuiiformly 
distributed,  the  result  would  be  a  wire  having  the  same  potential 
with  respect  to  the  ground  at  all  points. 

In  the  particular  case  where  the  impedance  is  produced  by 
a  series  of  stoppers  placed  at  different  points  in  the  line,  use 
should  be  made  of  intermediate  dischargers  like  the  resonance- 
circuits  shown  in  Fig.  7. 

The  method  of  protection  based  purely  and  simply  on  the 
properties  of  resonance  has  been  used,  up  to  the  present  time, 
only  on  lines  working  with  Morse  apparatus.  Its  efficiency 
would  veiy  likely  be  questionable  for  telegraph  systems  of  the 
Hughes  or  Baudot  type.  However,  it  would  not  be  unreasonable 
to  expect  that  it  could  be  serviceable  with  such  systems. 
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NO-LOAD  CONDITIONS  OF  SINGLE-PHASE  INDUCTION 
MOTORS  AND  PHASE  CONVERTERS 

BY  R.  £.  HELLMUND 


Abstract  op  Paper 
This  paper  shows  mefdiods  and  derives  formulas  for  the 
determination  of  the  fields,  the  stator  and  rotor  magnetizing 
currents,  and  the  tertiary  voltages  for  phase  converters  and 
single-phase  induction  motors  at  no-load.  Previous  publications 
on  this  subject,  including  text  books,  are  usually  rather  vague 
and  incomplete,  especially  with  regard  to  the  secondary  mag- 
netizing curreats  and  the  field  forms.  Furthermore,  numerous 
conflicting  statements  are  found  in  previous  literature,  thus 
leaving  the  subject,  as  a  whole,  in  a  rather  confusine  condition. 
This  paper  trea^  a  large  number  of  different  cases  along  similar 
lines,  thereby  cooridinating  and  explaining  many  phenomena 
previoudy  observed,  and  it  should,  therefore,  form  a  desirable 
basis  for  further  investigations  and  discussion  of  this  subject 
matter.  ' 

The  treatment  of  all  cases  is  rather  uniformly  based  on  the 
following  fundamental  considerations.  The  sum  of  all  e.m.fg^ 
must  be  zero  in  both  the  primary  and  secondary  drcmts.  With 
the  impressed  primary  e.m.f.  known,  this  leads  to  definite  con- 
ditions govermng  the  primary  counter  e.m.fs.  The  same  law: 
applied  to  the  secondary  circmts  gives  the  condition  that  the 
induced  voltages  must  be  equal  and  opil>osite  to  the  ohinic  drops. 
Having  thus  certain  laws  governing  the  voltages  to  be  inducedi^in 
the  windings,  we  have  at  once  certain  laws  governing  the  fluxes 
for  inducing  these  voltages.  In  most  cases,  it  is  then  found, 
that  only  a  single  definite  local  distribution  of  the  resultant  field 
satisfies  both  the  conditions  for  the  primary  and  secondary 
-  windings  simultaneously;  having  thus  established  the  re4uirea ' 
resultant  field  distribution,  we  haye  at  once  laws  for  the  re* 
quired  resultant  distribution  of  ampere  tums^  around  the  cir- 
cumference to  bring  about  such  field  distributions.  •  Whenever 
certain  portions  of  the  circumference  have  conductors  of  either 
the  primary  winding  or  secondary  winding  alone,  the  resultant 
ampere  turns  found  represent  at  once  the  ampere  turns  for  the 
single  winding  located  at  this  portion.  With  this  fact  known, 
a  number  of  facts  regarding  the  currents  can  be  determined. 
Whenever  both  primary  and  secondary  turns  coincide  at  the 
same  portion  of  the  circumference,  certain  problems  arise  in 
determining  the  distribution  of  the  resultant  ampere  turns 
between  the  two  windings.  A  number  of  different  considerations 
are  used  for  the  various  cases  to  assist  in  the  solution  of  these 
problems;  all  these  considerations  are,  however,  based  on  simple 
facts. 

In  order  to  demonstrate  the  method  by  means  of  the  simplest 
mathematics,  two  cases  of  small  practical  application  are  given 
first  merely  in  order  to  separate  the  fundamentals  from  a  rather 
large  amount  of  mathematics  which,  while  necessarY»  in  con- 
nection with  the  more  practical  cases,  are  of  little  value  in  connec- 
tion  with  the  understanding   of  the  fundamental  principles. 
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Starting  out  from  these  simple  cases,  the  influences  of  various 
factors  are  taken  up  in  the  following  cases,  one  at  a  time,  because 
a  simultaneous  consideration  of  all  of  them  make  a  dear  tmder- 
standing  practically  impossible. 

The  paper  is  arranged  so  that  it  can  be  read  to  good  advan- 
tage without  going  through  those  mathematical  parts  marked 
by  vertical  rules. 

By  reading  the  conclusions  at  the  end  of  the  paper,  a  fair 
idea  of  the  principal  points  brought  out  in  the  paper  can  be 
obtained. 


Introduction 

THE  EXACT  nature  of  the  fields  and  magnetizing  currents 
of  single-phase  induction  motors,  especially  of  the  currents 
flowing  in  the  rotor,  have  been  the  subject  of  a  good  deal  of 
speculation  in  the  past.  The  introduction  of  the  phase  con- 
verter as  a  conunercial  machine  has  given  additional  interest  to 
these  problems,  and  has  furthermore  introduced  a  number  of 
new  problems,  as  for  instance,  the  determination  of  the  output 
voltage.  The  following  studies  of  the  no-load  conditions  in  these 
machines,  which  form  the  necessary  basis  for  further  studies  of 
the  load  conditions  should,  therefore,  be  of  interest  to  students 
and  designers  of  such  machines. 

The  fundamental  laws  and  basic  considerations  used  in  the 
paper  are  very  simple  and  should  be  easily  understood.  Also, 
the  mathematics  are  relatively  simple,  involving,  with  very  few 
exceptions,  nothing  but  the  solution  of  several  equations  with 
several  unknown  quantities;  the  integrals  used  in  a  few  places 
are  of  the  simplest  kind.  Nevertheless  the  derivations  involve  by 
necessity  a  rather  large  niunber  of  formulas,  which  will  be  of 
interest  only  to  a  limited  niunber  of  readers.  An  attempt  has, 
therefore,  been  made  to  write  the  paper,  so  that  it  can  be  read  to 
good  advantage,  without  following  through  the  mathematical 
portions,  marked  by  vertical  rules. 

The  results,  given  graphically  in  a  large  number  of  figures, 
and  the  conclusions  reached,  should  be  of  general  interest.  Some 
of  the  final  conclusions  and  formulas  will  enable  the  designing 
engineer  to  predetermine  machine  performance  more  accurately 
than  was  possible  with  the  previous  methods,  most  of  which  are 
based  on  more  or  less  incorrect  assumptions. 

Wherever  a  correct  and  complete  mathematical  solution  has 
not  been  attempted,  because  it  involves  an  impractical  amoimt 
of  work,  the  considerations  have  been  carried  far  enough  to 
indicate  plainly  to  the  student  and  designer  how  the  most  favor- 
able design  can  be  obtained  and  how  bad  combinations  can  be 
avoided. 
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A  number  of  simple  theoretical  cases  are  given  first,  because 
it  is  believed  that  the  demonstration  of  the  methods  emploj'^ed 
in  this  paper  on  such  simple  cases  will  be  of  assistance  in  the 
understanding  of  the  more  general  solutions  of  the  problems 
given  later  on. 

Case  No.  I 

Single  Primary  Coil,  Single-Phase  Secondary 
The  simplest  type  of  a  phase  converter  is  shown  with  its  rotor 
in  different  positions  in  Figs,  la  to  le.     It  has  a  single  concen- 
trated primary  coil  P  P',  a  single  concentrated  secondary  or 
rotor  coil  5  5'  and  a  single  concentrated  output  or  tertiary  coil 


Fig.  1 

T  T\  located  on  the  stator  90  electrical  space  degrees  shifted 
against  the  stator  coil  P  P' , 

The  first  fundamental  condition,  which  must  be  fulfilled  in  a 
machine  of  this  kind,  is  that  within  every  closed  circuit,  the  sum 
of  all  counter  e,  m,fs.  must  at  any  moment  be  equal  and  opposite 
to  the  impressed  e.  m.  f. 

Applying  this  law  to  the  primary  coil  P  P\  we  know,  therefore, 
that  if  we  impress  a  sinusoidal  voltage  wave  with  instantaneous 
voltage  values  ^e,  =  -  Esina 

that  the  counter  e.  m.  f's.  in  this  winding  must  be  always  opposite 
in  direction,  but  of  the  same  numerical  value,  namely, 

ep  =  £  sin  a  (!) 
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where  E  is  the  maximixm  crest  value  of  the  voltage  and  a,  the 
time  angle. 

The  counter  e.  m.  fs.  consist  of  ohmic  drops  and  electro- 
magnetically  induced  voltages. 

The  ohmic  drops  at  no-load  are  usually  very  small  in  a-c. 
machines  relative  to  the  inductive  voltage  and  may,  therefore, 
for  the  present  be  neglected. 

The  inductive  voltage  is  always  proportional  to  the  rate  of 
change  of  the  total  flux  interlinking  with  the  coil  PP\  Since 
the  voltage  to  be  induced  is  definitely  given  by  equation  (1),  the 
flux  values  within  the  coil  are  also  definitely  given  by  the  second 
fundamental  conditions,  that  the  rate  of  change  of  the  flux  within  a 
coil  must  be  at  any  moment  proportional  to  the  inductive  e.  m.f.  to 
be  induced. 


This  leads  to  the  well  known  formulas 

0.45  e  IV 


V> 


2  7rfn, 


fc. 


and 


iPi  =  ip  cos  a  = 


2  ir.f  n. 


cos  a 


(2) 


(3) 


wherein 
e  =  effective  priniary  voltage  =  0.707  E 
ip  =  maximum  flux  interlinking  with  coil  P  P' 

ipi  =  instantaneous  flux  interlinking  with  coil  P  P' 
f  =  frequency  (cycles  per  second) 

Cp  =  number  of  primary  conductors 

np  =  number  of  turns  in  primary  coil. 

These  are  the  only  conditions  governing  the  flux  in  the  primary 
coil.  It  is  altogether  immaterial,  with  regard  to  the  primary, 
whether  these  conditions  are  fulfilled  by  a  stationary  flux  fluctu- 
ating in  size,  by  a  single  rotating  flux  of  sinusoidal  space  distri- 
bution, or  by  a  number  of  fluxes  rotating  in  the  same  or  in  oppo- 
site directions,  or  even  by  a  combination  of  fluctuating  and 
rotating  fluxes.  It  is  also  immaterial  with  regard  to  the  primary 
coil  how  these  fluxes  are  locally  distributed  within  the  coil, 
whether  these  fluxes  are  set  up  by  currents  in  the  primary  or  the 
secondary  coil,  whether  by  direct  currents  or  alternating  cur- 
rents, or  a  combination  of  such  currents,  as  long  as  the  above 
conditions  are  fulfilled. 

If  the  secondary  and  tertiary  coils  are  open  circuited  and  in- 
active, so  that  none  but  the  primary  coil  can  fiunish  magneto- 
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motive  forces,  the  entire  magnetization  must  naturally  be  fur- 
nished by  the  primary  coil  P  P\  It  is  further  evident  in  this 
case  that  the  flux  distribution  and  magnetic  densities  within  the 
coil  are  solely  governed  by  the  relative  magnetic  reluctances  of 
the  different  paths. 

Under  the  customary  assumption  of  uniform  reluct- 
ance and  neglecting  for  the  present  the  relatively  small 
magnetic  leakage  fluxes,  the  above  leads  to  the  well 
known  relations: 

The  instantaneous  gap  density  is 


Bi  = 


_    P^  <    _      <pi 


DttI 


K 


(4) 


K 


-Dl^"^^ 


if  the  average  air  gap  diameter  =  D 
Width  of  core  =,  / 
Number  of  poles  —  p 
The  instantaneous  current  value,  in  the  primary  coil,  is 

Bj       I      ^      jpiK 
lip     Ki         IT  Ki  tip 


».  = 


(5) 


where  K,  is  a  constant  -  o.315X2gXgX5 

if  g  =  length  of  air  gap  on  one  side;  G  =  the  usual  gap 
factor  allowing  for  the  slot  opening  and  5  =  the  satura- 
tion factor  (all  dimensions  in.inches). 

From  this,  the  crest  value  of  the  current  is 


/p  = 


SL 


Ki  n. 


(5  A) 


Let  us  assume  now  that  the  coil  5  S'  is  short-circuited  and 
revolved  at  synchronous  speed  by  some  external  means. 

By  applying  the  first  fundamental  condition  given  above  to 
this  secondary  coil,  we  know  that  in  so  far  as  this  coil  is  short- 
circuited  and  has  no  external  voltage  impressed,  we  must  have 
a  resultant  counter  e.m.f.  of  zero  induced  within  the  coil.  If 
there  is  any  current  flowing  within  the  coil,  it  will  cause  an 
ohmic  drop  voltage.  Therefore,  in  order  to  get  a  resultant  of 
zero  we  must  have  an  inductive  voltage  induced  internally, 
which  is  equal  and  opposite  to  this  ohmic  drop  voltage.  The 
resistance  of  the  coil  S  S'  is  usually  very  small  so  that  the  ohmic 
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drop  is  very  small  and  with  it  also  the  necessary  inductive 
voltage,  as  long  as  the  secondary  currents  are  not  too  large. 
Under  the  majority  of  conditions  the  required  rate  of  change 
of  the  flux  interlinking  with  the  coil  S  S'  is,  therefore,  so  small 
as  to  be  negligible,  as  compared  with  that  required  in  the 
primary  coil.  We  are,  thus,  justified  to  assume  at  present  for 
the  sake  of  simplicity,  that  the  flux  within  the  secondary  coil 
remains  practically  constant.  This  is,  however,  theoretically 
correct  only  with  zero  resistance  in  the  secondary. 

It  is  again  indifferent  with  regard  to  the  secondary  coil  how 
this  condition  of  practically  constant  flux  within  the  coil  is 
maintained.  We  know,  however,  that  if  a  flux  has  once  been 
established  by  some  means  or  other,  within  the  coil,  such  flux 
will  somehow  be  maintained  practically  constant.  If  the  mag- 
netomotive force  which  has  established  the  flux  disappears,  or 
if  the  secondary  coil  is  moved  away  from  its  influence,  the  flux 
within  the  coil  will  tend  to  diminish.  Any  slight  decrease  of 
flux  will,  however,  at  once  induce  voltages  in  the  coil  which, 
in  turn,  cause  ciurents  to  flow  maintaining  the  flux  practically 
at  its  original  value,  if  the  ohmic  drops  are  zero,  or  at  least 
negligible. 

Let  us  refer  now  to  Pig.  la  and  assume  that  it  happens  to 
represent  the  rotor  position  at  the  time  angle  a  =  0,  with  an 
angle  y  between  the  coil  PF'  and  5  5'  as  shown.  Assuming 
further  synchronous  speed,  we  know  that  the  time  a  ^  y  will 
have  elapsed,  before  the  secondary  coil  has  moved  an  angle  y 
and  coincides  with  the  primary  coil.  Now  we  know  from  form- 
ula (1)  that  the  flux  interlinking  with  the  primary  coil  at  the 
time  a  =  7  must  be 

(Piy  =  ^  cos  7  (6) 

If  we  neglect  the  leakage  between  the  coils  P  P'  and  S  S' 
this  represents  also  the  flux  in  the  secondary  coil  at  this  time. 

Since  the  flux  in  S  S'  is  constant,  we  know,  therefore,  that 
this  constant  flux  of  coil  S  S\  which  rotates  with  the  coil  at 
synchronous  speed  must  be 

^.  =  ^  cos  7  (7) 

Having  now  an  equation  for  both  the  total  flux  (pi  in  the 
primary  and  the  total  flux  ^,  in  the  secondary  coil,  we  can 
easily  determine  how  the  fluxes  around  the  air  gap  must  be 
distributed  at  any  time  to  always  satisfy  both  the  equations  (1) 
and  (7)  for  ipt  and  <ps  respectively. 

Let  us  consider  for  instance  a  secondary  position   as  shown 
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in  Fig.  lb,  with  an  angle  x  between  P  P'  and  S  S\     The  time 
angle  corresponding  to  this  position  is 

a  =  X  +  y  therefore  x  ^  a  —  y  (8) 

By  reference  to  Fig.  lb,  it  is  further  at  once  evident  that  the 
flux  between  P  and  P'.,  that  is  the  primary  flux  ipi  must  be  the 
sum  of  the  fluxes  <pa  between  P  and  S  and  the  flux  ^6  between 
S  andP';  similarly,  we  see  that  the  flux  between  5  and  S'  that 
is  the  secondary  flux  (p,  ipust  be  the  sum  of  the  flux  (ph  between 
S  and  P'  and  the  flux  ipa  between  P'  and  5'.  Since  ipa  is 
evidently  equal  to  '-  ^o,  we  have  only  two  unknown  quantities 
which  can  at  once  be  found  from  the  two  conditions  just  stated. 
With  the  fluxes  for  the  different  air-gap  portions  known  and  the 
angles  for  which  they  apply  the  densities  can  be  easily  found. 

For  the  time  a  ^  y  to  a  —  y  +  ir  which  it  takes 
the  conductor  S  to  travel  from  P  to  P',  we  can,  there- 
fore, write  the  following  equations 

Vi  =  ^o  +  Vb  (9) 

>.  =  -  Va+  (pb  (iti) 

It  follows  ty  addition  and  subtraction  of  (9)  and  (10) 

^*         .2 


=  (cos  a  —  cos  y) 


(11) 


*»» 


_  <Pi  +  <p. 


(cos  a  +  cos  7)  -^ 


(12) 


The  densities  over  the  distances  a  and  b  of  Fig.  lb, 
are,  therefore, 


X  2x 

_  cosa—  cos  7    K 

TT—  X  2{V—  X) 

cos  a  +  cos  7    K 
T-x        ~2~  *' 


(13) 


S6  = 


(14) 
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in  connection  with  Fig.  Id. 


(April  9 


B4 


<P 


^•"T"*'        2T-X 


COS  g  —  COS  7 
cos  a  +  cos  7 


(15) 


(16) 


The  field  densities  thus  obtained  are  shown  in  full  lines  in 
Pig.  2,  with  regard  to  their  local  distribution  over  the  air  gap 


tzzzP" 


faj'^'^sj^^^" 


Fig.  2 

circumference  for  a  number  of  values  of  a  as  indicated,  and 
under  the  asstunption  of  7  »  0,  which  means  that  the  secondary 
and  primary  coils  are  assumed  to  coincide  at  the  time  angle 
a  »  0,  that  is,  when  the  primary  flux  has  its  maximtun  value. 
The  areas  enclosed  by  the  full  lines  represent  the  total  fluxes7 
as  they  must  exist  to  fulfill  the  two  fundamental  conditions  so 
far  stated,  for  both  the  primary  and  secondary  coil. 

As  previously  pointed  out,  the  two  conditions  of  equilibrium 
could  be  fulfilled  in  a  number  of  different  ways  for  each  of  the 
windings  individually.  Since  our  equations,  taking  the  two 
windings  into  account,  simxiltaneously,  give  only  a  single  solu- 
tion, however.  Fig.  2  represents  the  only  field  condition  possible 
under  the  asstunptions  made. 
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For  different  values  of  y  somewhat  different  results  will  be 
obtained  but  usually  it  will  be  found  as  in  Fig.  2  that  the  result- 
ant field  travels  around  with  the  rotor,  ♦.  e.,  we  have  a  rotating 
field;  it  will  also  be  noticed  that  the  distribution  of  the  field 
varies. 

As  a  matter  of  convenience  in  theoretical  considerations,  it  is, 
of  course,  always  possible  to  substitute  a  number  of  component 
fields  for  those  obtained  from  the  calculations,  but  the  resultant 
of  such  field  must  always  conform  to  our  equations. 

The  determination  of  the  currents  flowing  in  the  two  windings 
must  be  based  on  a  third  fundamental  condition,  namely,  that  the 
sum  of  all  ampere  turns  acting  upon  a  certain  part  of  the  gap  cir- 
cumference must  be  proportional  to  the  magnetic  density  in  such 
part,  making  the  usual  asstunption  of  uniform  magnetic  reluct- 
ance. 

Referring,  for  instance,  again  to  Fig.  lb,  in  which  certain 
current  directions  have  been  arbitrarily  assumed  and  indicated 
by  arrows,  it  is  at  once  evident  that  the  density  Ba  between  P 
and  S,  for  instance,  must  be  set  proportional  to  the  difference 
between  the  ampere  turns  in  P  P'  and  those  in  S  S'.  Deter- 
mining similar  relation  for  other  portions,  we  obtain  at  least  two 
equations  with  the  two  unknown  current  values  tp  and  *„  which 
follow  directly  from  the  solution  of  these  equations. 

If  the  secondary  coil  S  5'  with  the  turns  n,  carries  the 
current  ♦,  in  a  direction  as  marked  in  Fig.  lb,  we  find  the 
following  relations  between  the  currents  and  densities. 

Ba  =  Kiiipnp-  i.n.)  (17) 

^6  =  Ki{i^n^  +  i.n.)  (18) 

By  additions  and  subtraction  of  (17)  and  (18),  we  get 

Ba-{-  Bh  _      K  (p       I  cos  a  —  cos  7 


U  - 


u 


2Kinj, 


2  Km. 


Kip       { 
4Kin^    \ 


cos  a  +  cos  7 


W  "  X 


Kip       / 
Ki  np    \ 


(20) 


cos  a  +  cos  7 

TT  —  X 


COS  a  —  cos  7 


(21) 
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Similarly,  we  find  for  the  time 

a=  y  +  TT  to  a  ^  7  +  2irin  connection  with  Pig. 
Id. 


i   -       ^^      i 


cos  a  —  cos  7     ,    cos  a  +  cos  y 


X  —   IT 


2^-  X 


(22) 


cos  a  —  cos  7         cos  a  +  cos  7 


X  —   TT 


2t 


(23) 

Fig.  3  shows  in  light  lines  the  values  for  tp  (Curve  P)  and  t. 
(Curve  5)  as  a  function  of  the  time  angle  a  and  as  found  from 
(20)  to  (23),  again  for  the  assumption  7  =  0. 

These  light  curves  represent  the  single  and  only  solution  of  our 
equations  at  any  time  except  at  the  instant  when  the  secondary 
and  primary  coils  coincide.  At  these  instances,  as  for  example 
at  the  time  a  =  0  with  7=0,  the  above  third  fundamental  condi- 
tion must  be  fulfilled  as  much  as  at  any  other  time.  We  have, 
however,  at  this  instant  only  the  flux  (pa  =  ^»,  the  angle  x  being 
0.     Our  condition  is,  therefore,  given  by 

Bh  =  Ki  (i^Hp  rf-  t,  n.) 

that  is  the  same  as  in  equatioii  (18),  but  there  being  no  value  for 
Bat  we  have  only  one  equation  with  the  two  unknown  quantities. 
The  single  equation  known  for  a  =  0,  etc.,  is  satisfied  with 
any  values  for  ip  and  i«,  as  long  as 

Bg    _    (p        K 

K  TT         Ki 


*»»! 


+  i.  fin   = 


or  assummg  rip  =  n, 

ip  +  i.  == 


np  T 


K 
Ki 


=  u 


(24) 


This  simply  means  that  from  our  third  condition  nothing 
but  the  sum  u  of  ip  and  t.  is  known,  while  it  is  possible  to  fulfill 
equation  (24)  for  any  value  of  t,  between  —  <»  and  +  »  by 
assiuning  ip  to  correspond. 

The  following  consideration  makes,  however,  a  determination 
of  i,  for  the  time  a  =  0,  a  =  tt  etc.,  possible.  Assume  coil 
5  5'  coincides  with  P  P'  at  the  time  a  =  0  with  7  =  0,  *.  e., 
when  (p,  =  if.  For  any  other  position,  the  currents  in  5  S'  tend 
to  maintain  this  flux,  as  previously  pointed  out,  by  ftunishing 
whatever  magnetizing  current  is  required  to  do  so,  in  addition 
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to  the  primary  current.  In  order  to  cause  such  magnetizing 
current  to  flow  with  even  the  smallest  secondary  resistance,  an 
inductive  voltage  induced  by  slight  changes  of  the  fluX  tp,  is 
required.  While  it  was  permissible  to  neglect  these  small 
changes  in  our  previous  calculation  of  densities  and  currents, 
we  must  not  overlook  that  a  small  change  in  the  flux  is  necessary 
to  make  i,  flow  between  the  times  a  =  0  and  a  =  ^.  We 
further  know  that  while  5  5'  travels  from  jc  =  0  to  x  =^  t  the 
primary  flux  has  changed  from  ^  to  —  ^  that  is,  it  has  reversed 
its  direction  with  regard  to  P  P'.  Its  direction  with  regard  to 
SS'  which  has  traveled  180  deg.  in  the  meantime  is,  however, 
the  same  for  both  a  =  0  and  a  =  t.  In  other  words  we  know 
that  while  ^,  undergoes  slight  variations,  it  must  periodically 
resume  in  intervals  of  t  the  same  value,  which  is  ip  in  our  present 
case.  This,  in  turn,  means  that  any  flux  decrease  in  coil  S  S' 
must  be  followed  by  an  increase,  further,  that  for  a  full  time 
interval  ^,  the  sum  of  all  increases  must  equal  the  sum  of  all 
decreases.  If,  therefore,  d  ip,  represents  the  infinitely  small  flux 
change  during  a  time  d/,  we  know  that 

I,  dip.    =0 

Since  the  rate  of  change  of  the  flux  ip,  determines  the  voltage, 

we  have  —^*  =  «,  =  t,  r,  or  d  ^,  =  t,  r^  dt  where  e.  =  the  volt- 
age induced  in  S  S'  and  r,  the  resistance.     We  have  further 

2  d  *>.  =  r.  S  *.  d/  =  0  (30) 

between'  the  limits  0  and  t. 

The  value  2  u  di  represents  the  area  included  by  the  second- 
ary current  curve  over  the  time  0  to  Tr,  the  resultant  of  which 
must,  therefore,  be  zero,  if  r  has  a  value  different  from  0. 

Prom  this,  we  can  directly  derive  our  fourth  fundamental 
condition,  namely,  that  the  voltages  induced  and,  therefore,  the 
currents  flowing  in  the  secondary  coil  must  have  an  average  value 
of  zero,  over  each  complete  time  period  of  tt. 

In  other  words  this  means  that  the  areas  of  a  curve,  including 
all  positive  ctirrent  values  must  be  equal  to  the  area  of  a  curve, 
including  all  negative  ctirrent  values. 

An  inspection  of  curve  S,  in  Fig.  3,  reveals  that  all  current 
values  of  i,  between  a  =  0  and  a  =  tt  are  positive,  and  it  is, 
therefore,  at  once  evident  that  the  current  can  be  negative 
only  for  infinitely  short  time  intervals  at  a  =  0,  a  =  ^  etc. 
This  means  that  the  height  of  the  negative  current  area  must 
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be  —  00 ,  in  order  to  give  with  an  infinitely  small  basis  an  area 
equal  to  the  corresponding  positive  current  area. 

The  value  of  t,  for  a  =  0,  etc.,  having  been  thus  determined, 
it  follows  at  once  from  (24)  that 

K 


=      00     + 


J? 

ftp  TT     K I 


The  theoretical  infinite  current  values  are  indicated  by  heavy 
vertical  lines  in  Fig.  3.     The  conclusion  to  be  drawn  from  the 
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Pig.  3 

completed  current  curves  is  that  the  primary  currents  are  of 
line  frequency  with  very  marked  odd  higher  harmonics,  while 
the  secondary  currents  are  of  double  line  frequency  with  very 
marked  higher  harmonics;  the  fact  that  the  positive  and  negative 
wave  shapes  are  materially  different  indicates  the  rather  unusual 
existence  of  marked  even  harmonics  in  the  secondary  currents. 
Fig.  3  also  shows  in  a  curve  P'  the  value  of  ♦,  as  obtained 
from  (6)  for  the  open-circuited  secondary.     It  will  be  seen  that 
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the  effective  ip  of  curve  P,  without  the  infinitely  high  extension 
would  be  even  smaller  than  that  of  curve  P',  which  we  know 
to  be  in  contradiction  to  the  facts.  This  is  additional  evidence 
for  the  necessity  of  a  stidden  change  of  the  currents  for  a  =  0 
and  a  =  T. 

In  line  with  the  above.  Pig.  2  shows  in  dotted  lines  the  field 
components  supplied  by  the  stator  and  the  rotor  for  all  cases 
except  for  a  =  0  and  a  —  ^  in  which  cases  these  values  are 

<» ;  in  case  of  a  =  — o-  the  dotted  lines  do  not  appear  because 

the  field  induced  in  the  primary  is  zero,  and  that  induced  by 
the  secondary  coincides  with  the  total  field. 

For  most  other  values  of  7,  similar  conditions  are  obtained, 
but  the  coinciding  of  the  coils  and,  therefore,  the  infinite  current 
values  occur  at  different  values  for  a. 

While  the  current  curves  derived  so  far  are  correct  under  the 
assumption  made,  attention  may  already  be  briefly  directed 
towards  a  ntunber  of  facts,  which  have  marked  modifying  effect 
in  actual  machines. 

In  practise,  it  is,  of  course,  impossible  to  concentrate  the 
effect  of  the  coil  conductors  into  a  point,  and,  therefore,  the 
passing  of  the  secondary  and  primary  coils  is  not  actually 
infinitely  short.  Consequently,  we  obtain  in  the  secondary, 
even  though  the  coils  are  concentrated  as  much  as  practicable, 
certain  limited  but  rather  large  current  values  for  a  rather  short 
time,  in  place  of  the  infinite  negative  values  for  an  infinitely 
short  time.  Similarly,  the  additions  to  the  calculated  primary 
current  wave  are  not  infinitely  large,  but  will  appear  as  rather 
sharp  comers  of  limited  height  extending  over  a  very  brief 
period  of  time. 

Another  equally  important  feature,  which  makes  the  existence 
of  infinite  current  values  in  actual  practise  impossible,  is  the 
fact  that  any  machine  has  magnetic  leakage  fluxes.  These 
fluxes  no  matter  how  small  they  may  be  will  induce  very  ap- 
preciable voltages  affecting  the  working  conditions  to  a  marked 
degree,  if  the  rate  of  change  in  such  fluxes  is  large;  the  latter 
condition  naturally  prevails  if  the  ctirrents  setting  up  the  leakage 
fluxes  suddenly  tend  to  assimie  infinite  values,  as  in  our  case. 

While,  for  these  reasons,  the  previous  current  curves,  as  well 
as  some  of  those  given  later,  do  not  picture  the  actual  conditions 
correctly,  they  are  nevertheless  very  instructive  insofar  as  they 
indicate  the  strong  tendency  towards  higher  harmonics  and 
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secondary  phenomena  caused  thereby.    This  will  be  discussed 
more  in  detail  later  on. 

The  fluxes  interlinking  with  the  tertiary  phase  converter  coil 
T  T'  can  easily  be  determined,  since  the  densities  at  all  portions 
of  the  circumference  are  known,  if  we  neglect  again  the  leakage 
fluxes.  With  the  fluxes  known,  the  induced  tertiary  voltages 
follow  directly  by  finding  the  rate  of  change  of   the  tertiary 

We  have 

For  the  time  a  =  7toa=»7+  -s—  (Fig.  lb) 

^  (25) 

For  the  time  a  =  7  H — 5-  to  a  =  7  +  ir  (Fig.  Ic) 

4p,  =  B,  (x-  ^)  +  B»  (T-  X)-  S.  -|- 

=  -^^'^^(5»-5.)        (26) 
For  the  time  a  =  7  +  irtoa"«  7+  5-T  (Fig.  Id) 
v..  -  B.  -|-  -  B4{x-  T)  -  5.  (I  T-  *) 


K 


{Bi-B.)        (27) 


For  the  time  a=y-\--^'Ktoa=y-\-2ir  (Fig.  le) 


V>.  =.  5rf  (*  -  |-  t)  +  B,  (2 


T-  x)-  Bi  -g- 


i2v-x) 
K 


(B.-Bi)        (28) 


The  voltage  of  the  tertiary  coil  can  be  found  by 
finding  the  value  —^  =  «»  from  these  equations,  after 
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the  previously  found  values  for  Ba  and  Bd  in  terms  of  a 
have  been  introduced.    Thus  we  obtain  for  the  time 


Fig.  4— y  =  0 

Pig.  4  shows  the  time  curves  of  the  primary  voltage  of  the  coil 
P  P'  and  the  flux  (pi  interiinking  with  this  coil  as  found  from  (1) 
and  (3),  further  the  flux  <pt  interlinking  with  the  tertiary  coil 
T  T'  and  the  voltage  induced  in  this  coil  as  found  from  (26),  (26), 
(27),  (28)  and  (29). 

It  will  be  noted  that  although  the  primary  voltage  and  flux 
follow  a  sine  law,  the  tertiary  flux  and  voltage  are  far  from  such 
law.  The  tertiary  maximum  flux  value  is  the  same  as  that  of  the 
primary,  but  both  the  average  and  effective  values  are  lower  in 
case  of  the  tertiary  flux. 
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The  case  of  Fig.  1  for  7  = 


-,  that  is,  the  case  in  which 


coil  5  5'  and  P  P'  coincide  at  the  time  a  =  —^  when  the  pri- 
mary flux  is  0,  is  of  little  interest  in  connection  with  the  phase- 
converting  problems.  It  is  interesting,  however,  insofar  as  we 
obtain  in  this  case  an  appreciable  tertiary  voltage  of  higher 
frequency.     The  fluxes  and  voltages  for  this  case  are  shown  in 


Fig.  5— y  -  — 
2 


Fig.  5.  The  results  obtained  are  somewhat  surprising,  since  it 
would  appear  from  a  casual  consideration  that  insofar  as  the 
resultant  secondary  flux 

TT 


(pt     ^^   (P  COS  7   =   ^  COS 


=  0 


IS  zero,  that  (pt  should  be  zero. 

Closer  investigation  shows,  however,  that  while  <Pt  is  zero,  as  a 
whole,  it  is  at  times  the  resultant  of  two  opposing  fluxes,  which 
add  up  to  zero  inside  the  coil  S  S\  but  give  certain  positive  and 
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negative  values  inside  of  T  T'  as  shown  in  Fig.  5d.  While 
these  fluxes  are  relatively  small,  they  are  of  higher  frequency 
and,   therefore,   induce  an   appreciable  voltage  in   T  T'.     We 

have,  therefore,  for  y  =  — ^    a  frequency  changer  instead  of 

phase  converter. 

While  a  further  study  of  these  phenomena  with  relation  to  the 
resistances  and  leakage  fields  would  be  interesting  it  has  bfien 
omitted  since  it  is  not  related  to  the  subject  matter  of  this 
paper. 


Fig.  6 


Case  No.  2. 
Single  Primary   Coil,    Two-Phase  Secondary 

Let  us  now  consider  a  converter  with  a  two-phase  secondary 
with  one  coil  per  pole  per  phase,  as  shown  in  Fig.  6.  Attached 
appendix  gives  the  detail  calculations  carried  through  along  the 
same  lines  as  in  the  previous  case. 

The  only  difference  in  the  calculations  between  this  and  the 
previous  case  is  that  two  instead  of  one  secondary  coil  has  to  be 
considered,  which  leads  to  three  equations  with  three  unknown 
quantities,  instead  of  two. 
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Fig.  7  shows  for  7  =  0  the  currents  in  the  primary  and  in  the 
two  secondary  coils.  The  calculation  from  the  formulas  gives 
again  only  positive  currents  for  t'l,  which  for  reasons  previously 


Fig.  7A 

given,  necessitates  the  infinite  negative  values,  indicated  by  the 
heavy  vertical  lines,  and  the  corresponding  infinite  positive 
values  of  ip  f or  a  =  0  and  a  =  Tr.     The  values  found  for  ^2 


Fig.  7C 

satisfy  our  fourth  fundamental  condition,  without  infinite  values 
Fig.  8  shows  the  corresponding  primary  and  tertiary  fluxes  and 
voltages. 
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SitiQe  we  have  now  a  polyphase  rotor,  the  machine  will  be  self - 
propelling  like  any  single-phase  induction  motor.  If  the  ma- 
chine is  asynchronous,  the  friction  will  cause  a  very  small  slip, 
so  that  even  if  the  relation  7  =  0  were  originally  established, 
the  rotor  will  slip  slightly  behind  synchronous  speed,  so  that  the 
value  of  7  changes  gradually,  but  continuously.  Therefore, 
other  values  than  7  =  0  are  of  practical  interest. 

Fig.  9  has  been  worked  out  to  give  the  currents  for  7  =  — j- 


FiG.  8A 

that  is  for  the  case,  where  the  primary  flux  reaches  a  maximimi, 
when  the  middle  of  a  secondary  tooth  coincides  with  the  primary 
coil.  As  will  be  seen  both  secondary  currents  have  now  infinite 
negative  values. 

Fig.  10  shows  the  corresponding  primary  and  tertiary  fluxes 
and  voltages. 

Fig.  11  shows  the  field  forms  for  various  values  of  a  for  7  =  0; 

while  Fig.  12  covers  the  case  of  7  =    —j— 


Fig.  8B 


Cs  effective 


0.636 


or  0.9  Cp  effective 


0.707 

As  previously  mentioned  7  changes  very  gradually  all  the 
time  with  a  light  running  asynchronous  machine.  Since  the 
fields,  currents  and  tertiary  voltages  change  with  7,  as  will  be 
seen  by  a  comparison  of  Figs.  7  and  9,  8  and  10,  and  11  and  12 
respectively;  this  means  that  nearly  everything  in  the  machine 
undergoes  a  continuous  change.  Thus,  the  higher  harmonics 
or  current  peaks  of  the  primary  change  their  location  with  regard 
to  the  fundamental  wave.     (Compare  Figs.  7a  and  9a)  ;  the  cur- 
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rents  in  each  secondary  coU  change  materially  in  both  size  and 
shape,  (Compare  Figs.  7b  and  9b,  also  7c  and  9c) ;  also  the  ter- 
tiary voltages  change  their  wave  form  materially  (Compare  Figs. 
8b  and  10b)  as  well  as  their  peak  values;  similar  conditions 


Fig.  9A 

apply  to  the  tertiary  flux  values  (Compare  Figs.  8a  and  10a) 
interlinking  with  coil  T  T\ 

The  current  curves  show  again  general  characteristics  as  in 
Case  No.  1  with  regard  to  fundamental  frequency  and  higher 
harmonics. 


The  local  distribution  of  the  resultant  field  changes  continu- 
ously even  with  constant  value  of  7,  as  indicated  in  Fig.  11,  but 
changes  in  the  value  of  7,  cause  further  material  changes. 
(Compare  Figs.  11  and  12.)     Among  other  things  it  will  be  noted 
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for  instance  that  the  total  area  for  certain  values  of  a  is  smaller 
in  Pig.  12  than  for  similar  values  of  a  in  Pig.  11.  Figs.  11  and 
12  show,  however,  in  both  cases  that  the  resultant  field  rotates 
in  the  direction  of  the  rotor.     These  figures  also  show  in  dotted 


Fig.  9C 

lines  the  fields  as  ftimished  by  the  primary  and  secondary  coils 
alone. 

The  lines  y  y  indicate  the  center  of  the  resultant  field  and 
plainly  show  its  travel  from  left  to  right;  the  center  line  of  the 


Fig.  lOA 

field  induced  by  the  primary  currents  is  marked  z  «,  and  is  of 
course,  stationary;  the  center  line  of  the  fields  induced  by  the 
secondary  currents  are  marked  x  x,  and  it  will  be  seen  that  they 
move  in  general  in  a  direction  opposite  to  that  of  the  lines  y  y. 


e«  effective 


Fig.  lOB 
0.036 


0.707 


or  0.9  ep  eff. 


although  their  speed  is  very  irregular  and  reverses  for  certain 
intervals  of  time. 

In  view  of  the  irregular  behavior  of  nearly  everything  in  the 
motor,  it  is  rather  surprising  that  exact  calculations  show  the 
effective  value  of  the  tertiary  voltage  to  be  unchanged  with 
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changing  y  namely  always  90  per  cent  of  the  effective  primary 
voltage,  although  as  mentioned  before,  the  wave  shape  of  the 
tertiary  voltage  changes  continuously  with  y. 

Case  No.  3 

Single  Primary  Coil,  Polyphase  Secondary 

A  case  with  single  concentrated  primary  and  tertiary  coils  in 

combination  with  a  polyphase  rotor  winding  with  m  rotor  coils 

as  shown  in  Fig.  13  may  now  be  considered.     The  rotor  position 

as  shown  is  assumed  to  correspond  to  the  time  angle  a  =  0. 


1 


-*♦ 


^k.r(!is.j 


m^  if  .fS] 


•''  r^ftn      rf 


r~M 

1 

V    ' 

r  ^ 

Pig.  11 


By  finding  again,  as  in  the  previous  cases,  the  time  at  which 
each  secondary  coil  coincides  with  the  priaiary  and  by  deter- 
mining the  value  of  the  primary  flux  at  this  time,  we  can  easily 
find  the  constant  total  fluxes  interlinking  with  each  secondary 

coil. 

The  secondary  coils  pass  coil  P  P'  as  follows. 

Coil  1  at  the  time  y 


li  2  '* 

tt  ^  tt 
etc. 


7-  /3 

7  -  (»  -  1)  /3 
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Consequently,  the  constant  fluxes  interlinking  with 
these  coils  are 


<pi  ^  <p  cos  7 
^<px^  ^cos(7-  j8) 
V?n  =  (p  cos  [y-in-l)  p] 
<Pr  =^  <P  cos  [7  -  (r  -  1)  /3] 

^r+J  =  VS^  COS  (7  -  f  j8) 

etc. 


(81) 


We  also  have  y 


=  (r-  l)/3 and  i8  =  -^ 

fn 


ri 


-^    i-.wy 


P+«Sk 


i 


i  I' 


P"' 


«l 


iiiwi  I     imiiw«ii 


loB'll 


Pig.  12 


The  determination  of  the  fluxes  in  the  individual  teeth  and  the^ 
densities,  by  the  previous  method  of  writing  as  many  equations 
as  there  are  tooth  fluxes,  would  be,  of  course,  very  laborious  in  the 
present  case  with  many  secondary  teeth.  The  calculations 
immediately  following  this  prove,  however,  that  the  total  flux 
of  each  secondary  tooth  can  be  found  as  one-half  the  difference 
of  the  total  fluxes  interlinking  with  the  two  adjacent  coils,  as 
found  above  in  (31).  The  individual  part  fluxes  of  the  rotor 
tooth  opposite  the  primary  coil,  that  is,  the  fluxes  for  the  angles 
U  and  V  in  Fig.  13  forming  part  of  tooth  R  can  be  determined  by  a 
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similar  simple  calculation.    After  all  part  fluxes  are  known,  the 
densities  follow,  of  course,  directly. 

Let  us  assume  for  the  present  a  field  distribution  for 
the  resultant  rotor  field  as  shown  in  Pig.  14,  and  if  we 
assume  further  that  the  flux  in  tooth  N  of  Pig.  13  is 
represented  by  the  area 

<pH  ^  nnipip 


Pig.  13 

and  that  of  the  opposite  tooth  N'  by 

^N'=  n'  ni'  pi'  p' 
Let  further 

area  np P         =  F 
**  Pn'p'       =  F' 
*'  fiipiP     ^  X 
"  P  ni'  Pi'    =  X' 

The  resultant  flux  in  coil  n  is  then  according  to  Fig.  14 
^•=  F-  r  (82) 
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and  that  in  coil  »  +  1  is 

iPn+l^X^X'  (83) 

It  follows  further  from  the  figure  that 
Y  ^  X  +  ip^ 

F'  =  X'  -  ip^.  (34) 

therefore,  we  can  write  (32)  by  introducing  these  values 

iPn^  X  +  ip^  ^  X'  +  ip^>  (36) 

or  since  obviously  opposite  teeth  carry  the  same  amount 

of  flux  and,  therefore, 

iPn   =  ^N'.  we  get 

2  ^N     ^   iPn-    {X-  X')    =    ^n  -   ^n+l 

^N    =  i  [ipn-  ^«+l]  ==  (36) 

-|-     [cos  (7  -  (»~  1)  jS)  -  cos  (7  -  n  ft] 


Fig.  14 


It  appears  that  the  teeth  fluxes  found  from  (36)  are 
independent  of  a  and,  therefore,  constant.  They  are 
also  uniformly  distributed  over  the  entire  tooth  width 
in  all  teeth  except  in  the  teeth  R  and  R\  which  are  in- 
fluenced by  the  currents  in  P  and  P'. 

It  is  evident  from  Fig.  13  that 

ipK   =  ^.  +  (pu  (37) 

also  that 

—    <pi     ^     iPv    +    ^R-1     + ^B 

+   <PA     + ^R+1'    +    (pu'  (38) 

Since  obviously  <pu'  =  —  ^n  and  since  all  values  in 
(38)  except  ^»,  ipv  and  ipn'  have  been  found  to  be  con- 
stant, we  can  write 

-  ipi-=^  ipv-  iPu  +  Kt  (39) 

where  K^  ^  Z  ip  from  ^r-i  to  ^»  +i'. 
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By  adding  (87)  and  (89)  we  find 

^.  =  i  (^«  -  (Pi-  Kt) 


and 


(40) 
(41) 


^n    =    i  (^R     +   <Pi  +  Kt) 

We  know  from  (86)  that 

^.«  -^  [cos(7-(r-l)  i8)-cos(7-ri8)] 
and  2 

iPi  =  ip  COS  a 

therefore,  we  can  now  determine  ^«  and  ipu  in  terms  of 
a  for  the  time 

a  =  —  tt  to  a  =  tr. 

Since  cos  a  enters  the  values  for  ip^  and  ^k,  we  find 
that  while  the  stmi  of  the  two  is  constant,  each  of  the  two 
values  varies  with  the  time. 

For  the  time  a  =  »toa  =  »+  )8  the  tooth  J?  —  1  is 
under  the  influence  of  P  P'  and  its  part  fluxes  can  be 
similarly  determined,  etc. 

With  the  tooth  fluxes  known,  the  densities  follow 
directly  to  be 

etc. 


Bh 


also, 


B, 


Bu 


*>. 


JPiLK 


(42) 


The  step  lines  of  Fig.  15  represent  the  resultant  field  distribu- 
tion for  a  motor,  as  per  Fig.  13,  with  m  =  6,  that  is,  with  six 
secondary  slots  per  pole  for  various  values  of  a  and  under  the 
assumption  that  7  =  a  multiple  of  )8,  which  means  that  one  of 
the  secondary  coils  coincides  with  P  for  a  =  0  and  the  maximum 
value  of  the  flux  (pi. 

It  is  plainly  evident  again  from  Fig.  15  that  the  resultant  field 
travels  with  the  secondary.  The  sine  curves  shown  in  the  figure, 
as  well  as  equation  (86) ,  reveal  the  fact  that  the  sine  curve  cuts  the 
center  of  each  step.  This  fact  applies  to  any  polyphase  rotor, 
even  Case  No.  2,  although  it  Was  not  so  evident  there.  In  other 
words,  we  see  that  the  magnetizing  currents  in  the  secondary 
create  as  much  as  possible  a  resultant  rotating  field  of  sinusoidal 
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space  distribution,  even  with  the  unfavorable  rectangular  distri- 
bution of  the  primary  field  assumed  in  our  present  case.  The 
resultant  field  will  approach  a  sinusoidal  distribution  the  closer, 
the  larger  the  ntmiber  of  secondary  teeth  and  the  more  the 
secondary  resistance  approaches  the  zero  value. 

Every  slot,  primary  or  secondary,  produces  a  step,  unless  the 
current  in  the  slot  happens  to  be  zero.  It  will  further  be  seen 
that  the  flux  of  each  secondary  tooth  is,  of  course,  uniformly  dis*- 
tributed  over  the  tooth,  except  in  the  tooth  opposite  to  the 
primary  slot;  in  this  case,  the  ampere  conductors  in  the  primary 


Pig.  15 

slot  form  an  additional  step,  without,  however,  changing  the 
total  flux  of  the  particular  secondary  tooth. 

The  currents  could  again  be  determined  as  in  the  previous 
cases,  by  setting  the  sum  of  all  magnetomotive  forces  acting  upon 
each  tooth  or  its  parts  proportional  to  the  known  densities.  This 
would,  with  many  coils,  lead  to  an  impractical  amount  of  calcula- 
tions. A  much  simpler  method  follows  from  the  simple  con- 
sideration that  the  difference  between  the  densities  adjacent  to 
each  slot  is  naturally  caused  by  the  ampere  conductors  in  the 
slot. 

If  we  make  again  the  previous  assumptions  of  uniform  reluc- 
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tances,  etc.,  this  fact  points  to  the  nattiral  conclusion  that  the 
difference  in  the  densities  at  each  side  of  a  slot  is  proportional 
to  the  ampere  conductors  in  the  slot.  This  in  turn  gives,  for  our 
present  problem,  a  fifth  fundamental  condition  to  be  met  (which 
now  takes  the  place  of  the  third  condition  utilized  previously), 
namely,  that  with  densities  for  all  tooth  portions  being  definitely 
established  by  other  conditions,  the  ampere  conductors  of  each 
slot  must  at  any  time  be  proportional  to  the  difference  in  magnetic 
densities  at  the  two  sides  of  the  slot. 

Since  the  densities  of  all  tooth  portions  are  known,  this  condi- 
tion offers  a  very  simple  way  for  finding  the  current  in  the  various 
coils  by  simply  finding  the  difference  of  the  tooth  densities  at 
each  side  of  the  conductors.  Definite  and  fully  determined 
current  values  can  thus  be  found  in  all  cases  except  when  a  rotor 
and  a  stator  coil  coincide,  in  which  case,  it  is  not  directly  known 
how  the  total  magnetomotive  force  distributes  between  the  two 
coils;  this  latter  exception  was  discussed  in  detail  under  Case 
No.  1. 

In  order  to  obtain  the  correct  mathematical  relations, 
reference  may  be  made  to  equation  (6),  from  which  the 
ampere  ttims  necessary  to  obtain  a  certain  density  may 
be  found.  While  equation  (6)  was  written  for  the  single 
primary  coil,  the  same  law  applies  to  any  coil  with  a 
current  i»  turns  Nn  producing  a  density  B.  We  have, 
therefore, 

1 

Ki 

Now  it  is  evident  that  if  a  single  coil  produces  a 
density  5,  we  will  have  a  density  of  say .+  B  at  one ' 
side  of  the  slot  and  —  5  at  the  other  side,  giving  a  dif- 
ference Bd  between  the  densities  on  both  sides  of  the 
slot  of 

Bd==B-{-  5)=2  5«2in»n-K|or, 

With  the  exception  previously  stated,  we  find,  there- 
fore, 

1 


B 
B  =^  innn 


♦i  =  {Bu'  -"  -Ba  ) 


2  niKi 
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t2  =  (Bj,    -  5, ) 


etc. 


in  =  (Bs-i  —  Bit) 
ir  =  (B,-i  -  B.) 


1 


2  fin  K I 

1 

1 


2npKi 


ir+i  =  (-B«—  5r+i) 


2»r+l   2f| 


(44) 
(46) 
(46) 
(47) 


Pig.  16A 

Since  all  values  of  these  equations,  except  5«»  and  Bu  are 
constant,  it  follows  that  all  current  except  ir,  ip  and  ir+i  are 
constant  for  the  time  a  =  —  «  to  a  =  tr. 

For  the  next  following  time  a  =  tr  to  a  =  r  +  )8  all  currents 
except  ir-i,  *p  and  ir  are  constant,  etc.  In  other  words,  it 
follows  that  any  of  the  secondary  currents  are  constant,  except 
when  either  of  the  adjacent  teeth  of  the  coil  under  consideration 
passes  P  or  P'. 

Fig.  16  shows  the  primary  and  secondary  current  curves  for 
the  same  case  as  assumed  in  Fig.  15.     In  accordance  with  otu* 
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fourth  fundamental  condition,  the  »  negative  values  are  again 
indicated  by  the  heavy  vertical  lines  in  connection  with  the 
secondary  currents.  Each  of  the—  »  values  reflects  into  the 
primary,  so  that  the  primary  current  has  a  number  of  those 
heavy  vertical  lines  shown. 

A  close  study  of  the  secondary  currents  reveals  that  each  of 
the  cturents  is  uniform  for  the  largest  part  of  the  time.  The 
uniform  cturent  value  is  a  sine  function  of  the  space  angle  be- 
tween the  particular  coil  and  coil  1. 

When  the  tooth  adjacent  to  the  coil  under  consideration 
begins  to  coincide  with  P  or  P',  the  current  decreases  along  part 


of  a  sine  curve  until  the  coil  coincides  with  P  or  P\  when  an 
infinite  negative  value  is  reached  for  an  instant.  Subsequently, 
the  current  increases  again  along  part  of  a  sine  curve,  while  the 
other  adjacent  tooth  passes  P,  until  the  previous  constant  value 
is  reached  again  and  maintained  until  the  coil  approaches  the 
next  primary  slot. 

These  general  characteristics  apply  to  all  cases  considered  so 
far.  The  constant  current  value  over  a  certain  period  does, 
however,  not  exist  in  Figs.  3,  7  and  9,  of  case  1  and  2,  because 
there  is  at  all  times  at  least  one  tooth  adjacent  to  each  secondary 
slot  coinciding  with  a  primary  slot.    Therefore,  we  have  in 
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these  cases  only  those  parts  of  the  secondary  current  curves 
which  are  infinite  or  those  which  follow  parts  of  sine  curves. 
In  practise,  the  infinite  values  will,  of  cotirse,  again  be  changed 
to  definite  high  cuirent  peaks  as  pointed  out  in  Case  No.  1. 

The  determination  of  the  tertiary  voltages  by  means  of  the 
previous  methods  with  a  number  of  equations  would  again  be 
very  laborious  in  the  present  case.  We  have  found,  however, 
that  the  density  over  each  secondary  tooth  is  uniform  and 
constant  unless  it  coincides  with  a  primary  slot.  Since  in  our 
case,  a  secondary  tooth  passing  the  tertiary  slots  T  or  T'  never 
coincides  at  the  same  time  with  the  primary  slot  P  or  P\  as 


Fig.  18 

long  as  m  >  2,   each  tooth  flux  and  density  remains  constant, 
while  passing  and  cutting  the  tertiary  conductors. 

The  determination  of  the  tertiary  voltage  is,  therefore,  very 
simple  in  connection  with  the  present  case,  if  we  apply  the 
theory  of  cutting  magnetic  lines  in  place  of  figuring  with  the 
interlinking  fltixes.  The  tertiary  voltage  is  then  simply  to  be 
set  proportional  to  the  density  of  the  teeth  passing  the  coil 


If  we  determine,  therefore,  from  previous  formulas  the  re- 
sultant field  form,  disregarding  the  extra  step  caused  tempo- 
rarily by  the  primary  in  each  secondary  tooth  while  it  passes  a 
primary  slot,  we  have  at  the  same  time  the  tertiary  voltage 
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wave.  Pigs.  17  and  18  show  the  resultant  field  and  tertiary 
voltage  wave,  thus  determined  for  six  secondary  slots  per  pole. 
Fig.  17  applies  for  7  «  0,  that  is,  under  the  assumption  that  a 
secondary  slot  happens  to  coincide  with  the  primary  slot  at  the 


time  a  =»  0,  while  Fig.  18  applies  for  y  = 


__l. 


that  is,  when 


the  middle  of  a  secondary  tooth  happens  to  coincide  with  the 
primary  slot  at  the  time  a  =  0. 

With  an  asynchronous  machine,  the  small  slip  will  gradually 
change  the  values  of  y  and,  therefore,  the  conditions  from  that 
of  Fig.  17  to  that  of  Fig.  18.  This  means  that  the  tertiary 
voltage  again  changes  its  shape  as  in  the  previous  case  while 
the  rotor  slips  against  the  stator. 

With  the  wave  shape  of  the  tertiary  voltages  at  hand,  it  is 
comparatively  simple  to  find  the  effective  tertiary  voltage  values 
by  simply  calculating  the  r.m.s.  value  of  the  step  curve. 

Referring  back  to  Fig.  13,  it  is  evident  that  all  second- 
ary conductors  are  alike  and  that  nothing  is  changed  if 
the  conductors  are  numbered,  starting  with  1  at  the 
conductor  just  approaching  slot  P,  that  is,  numbering 
the  conductor  marked  *V"  with  No.  1.  This  simply 
means  that  7  is  a  fraction  of  j8.     Let  us  now  set 

a  ^ 

=  a  p  —  a 

m 

where  according  to  the  above,  a  is  a  true  fraction  and 

—  follows  from  the  fact  that  we  have  m  teeth 
m 

per  pole,  i.e.,  for  the  arc  tt.     Introducing  this  in  equation 
(42)  for  Bn,  and  using  equation  (36)  for  ^n,  we  obtain 


i8  = 


JSh  = 


2t 


[cos(a-(n  +  l)-^)-cos((a-n)-^)]     (48) 


—  I  —  cos  ( (a  —  n)  

From  this  it  can  be  shown  that  all  teeth  from  A  to  M 
inclusive,  have  positive  densities  for  values  of  a  =  0 
to  a  =  i.  The  effective  value  of  the  total  positive  wave 
can,  therefore,  be  found,  by  considering  the  teeth  A  to  M, 
inclusive,  while  a  =  0  to  a  =  J.  The  effective  value 
of  the  total  positive  wave  can,  therefore,  be  found  by 
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considering  the  teeth  a  to  in,  inclusive,  while  a  "^  0  to  a 
=  J.  Similarly,  the  teeth  BtoA'  have  to  be  considered 
while  a  =  i  toa  =  1. 

The  effective  density  value  and,  therefore,  the  effective 
tertiary  voltage  is  proportional  to  the  square  root  of  the 
mean  height  of  the  area,  showing  the  square  values  of  all 
positive  densities.     The  area  of  each  step  of  the  curve  is 

-Bn* ,  therefore,  the  total  area  is 

tn 


2  5n« 


m 


[ 


and 


d  effective 


2  B„' 


V- 


m 


m 


(49) 


By  introducing  B^  from  (48)  into  (48)  the  tertiary 
voltage  follows  directly. 

It  will  again  be  found,  as  in  Case  No.  2  that  as  long  as  m  >  2, 
the  effective  tertiary  voltage  is  constant,  and  independent  of  7, 
although  the  wave  shape  is  continuously  changing  with  7. 
The  curve  of  Fig.  19  shows  the  tertiary  voltages  as  obtained  from 
(48)  and  (49)  for  various  numbers  m  of  secondary  slots  per  pole 
in  terms  of  the  primary  voltage,  asstmiing  equal  number  of  turns 
in  both  windings. 

The  difference  between  the  two  effective  voltages  is  caused 
principally  by  the  difference  in  field  forms,  interlinking  with  the 
primary  winding  and  that  inducing  voltages  in  the  tertiary  wind- 
ing. Such  differences  are  usually  taken  into  account  under  the 
names  of  zig-zag  and  differential  leakage.  Therefore,  we  may 
call  the  difference  between  the  values  of  curve  19  and  one,  the 
differential  plus  zig-zag  leakage  coefficient;  its  value  is  indicated 
by  the  right-hand  scale  in  Fig.  19.  It  will  be  seen  that  even  with 
the  small  number  of  stator  slots  assumed  so  far,  a  relatively  small 
ntunber  of  rotor  slots  is  sufficient  to  reduce  this  leakage  coeffi- 
cient to  a  very  low  value.  The  leakage  coefficient  thus  found 
and  shown  in  Fig.  19  seems  to  conform  to  the  following  simple 
equation  q  ^ 
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With  our  present  assumptions,  this  represents  all  the  so-called 
zig-zag  leakage;  the  leakage  value  usually  going  under  the  name 
of  differential  leakage  is  zero  in  our  case. 

Case  No.  4 
Single  Primary  Coil,  Infinite  Number  of  Secondary  Phases 
The  erratic  shape  of  the  primary  current  curve  with  infinite 
theoretical  values  has  made  a  quantitative  calculation  of  the 
effective  primary  current  value  difficult  for  practical  use  in  all 
previous  cases.     The  theoretical  case  of  an  infinite  number  of 
secondary  coils  and  a  single  primary  coil,  in  which  higher  har- 
monic primary  currents  cannot  exist,  lends  itself  better  for  this 
particular  purpose  and  may,  therefore,  be  considered  next. 
The  relations  derived  for  the  previous  case  apply,  of  course. 
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Pig.  19 


here  if  the  proper  substitutions  are  made  by  simply  introducing 
an  infinite  number  of  infinitely  small  secondary  teeth  into  the 
equations. 

Take  p  ^  d  e 

and  n  P  =  nd  €  ^  € 

It  follows  from  (31)  by  introducing  these  values 

ipn-i  ==   ^  cos  (7  -   €  +  2  d  €) 

<pn  ^  ip  COS  (y  —  €  +  de) 
^«+i  =  ^cos  (7-  6)  (60) 

Similarly,  it  follows  from  (86) 


B^  = 


d€ 


COS  (y  —  €  +  de) 

d€ 


K 


cos  (7  —  6)      (p 


K 
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and 


5„_x  -  -^^  K 


COS    (7  —   6  +  2  rf  6)  —  COS  (7  —   6  +  ^  g)       y 

31  2" 


or 


R    _     ^  „  d[cos(7-€)] 

=  -|-  if  sin  (7-  €) 

„         _    ^  x^  d[cos(7-  ^  +  d€)] 

=  -|-  iCsin(7-  6  +  d€) 


(62) 


It  follows  directly  from  (62)  that  the  local  distribution  of  the 
actual  resultant  rotor  flux  follows  a  sine  law  around  the  rotor, 
so  that  a  constant  rotor  field  with  sinusoidal  distribution  rotates 
with  the  rotor.  This  simply  means  that  the  steps  of  the  field 
form  found  in  the  previous  case  are  infinitely  small,  therefore, 
giving  a  smooth  sine  curve. 

The  density  of  the  field  is  zero  for  7  —  €  =  0,  that  is,  at  the 
conductor  1.  With  these  facts  known,  we  can,  therefore,  plot 
the  resultant  rotor  field  ^,  as  shown  in  Fig.  20  for  various  values  of 
a  under  the  assumption  that  7  =  0. 

In  determining  now  the  nature  of  the  secondary  currents,  we 
proceed  again  as  in  the  previous  case,  except  that  we  consider 
the  ampere  conductors  over  an  infinitely  small  angle  d  €  of  the 
secondary  in  place  of  the  current  per  secondary  coil. 

By  substitution  of  the  values  from  (62)  and  (44),  we 
find  the  secondary  ampere  turns  in  »n  over  any  space 
angle  d  €  for  any  time,  except  the  moment  when  the 
particular  angle  d  €  passes  the  coil  P,  to  be  as  follows: 

Considering  the  ampere  ttims  of  an  angle  d  €  extending 

an  angle  of  —5-  to  either  side  of  the  coil  point  n  we 


have. 


tnttn    = 


2Ki 


(-Bn-1    —  Bs) 
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4^, 


[sin  (7  -  €  +  (£  6)  -  sin  (7  -  c)] 
^j^      d  [sin  (7  -   €)] 


(68) 


<pKd€ 
4Ki 


cos  (7  —  e) 


It  follows  from  (68)  that  the  local  ampere-turns  distribution 
around  the  rotor  circumference  follows  a  cosine  law,  except  at  the 
point  of  the  primary  coil. 
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Pig.  20 


Pig.  21 


This  is  again  in  line  with  the  previous  case,  except  that  the 
secondary  ampere  conductors  for  each  infinitely  small  angle  are 
infinitely  small  during  the  periods  of  constant  positive  current. 

Since  the  area  of  the  positive  wave  of  the  secondary  currents 
has  in  consequence  of  this  an  infinitely  small  value,  we  cannot 
any  longer  conclude  that  the  negative  current  values  must  be 
infinite,  when  the  secondary  coil  point  passes  the  primary.  On 
the  contrary,  we  can  determine  certain  definite  negative  current 
values. 
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We  know  from  the  previous  case  that  the  current  in 
each  secondary  coil  reverses  when  the  particular  coil 
passes  the  primary  coil.  The  size  of  the  reversed  current 
can  be  determined  from  the  following  consideration. 
We  found  that  if  the  flux  within  a  rotor  coil  decreases 
after  the  coil  has  passed  the  primary  coil,  it  must  in- 
crease again  to  its  original  value,  when  it  coincides  again 
with  the  primary  coil.  In  other  words,  if  the  flux  ipn 
decreases  according  to  a  function/  (a)  for  a  certain  time, 
it  must  increase  again  according  to  some  function /i  (a) 
before  the  time  x  has  gone  by.  Now  we  know  that  if 
the  current  in  the  coil  during  the  time  of  decreasing  flux 
is  a  function  F  (a)  and  another  function  f  i  (a)  during 
the  remaining  time,  the  voltage  which  must  be  induced 
in  the  coil  follow  functions  r  F  (a)  and  r  Fi  (a). 

Therefore,  we  must  have 

df(a) 


and 


da 

dfija) 
da 


rF{a) 


=  r  f  1  (a) 


(64) 


and  since  we  know  that  the  sum  of  all  d/  (a)  must  be 
equal  to  the  simi  of  all  d/i  (a)  we  can  write 


A'F{a)da^r    1 


7^1  (a)  d  a 


(66) 


where  the  first  integral  is  to  be  taken  for  the  limits 
between  which  the  current  is  positive  and  the  second 
integral  for  the  limits  between  which  the  current  is 
negative.  In  otu*  case,  we  know  the  current  to  be  i«, 
that  is,  a  constant  and  of  uniform  direction  during  the 
time  (tt  —  d  a)  and  of  opposite  direction  during  d  a,  we 
have  therefore, 

F  (a)  d  a  ^    I   *«  d  a  =  i«  (ir  —  d  a) 


0  0 

and  if  the  current  *»,  in  opposite  direction  is  assumed  to 
be  constant  during  the  infinitely  short  time  d  a,  we  have 


F(a)da=    I  t, 


j  Fi  (a)  rf  a  =    j    t« 

w—da  w—da 


inx  d  a,  therefore, 


*n(x-da)«  -  ins  da 
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or,    .  .   ..        .' 

.    IT  —  d  a  '  fm^\ 

tnx  =   -  tn  .  ^  .  (66) 

*"'  °       da    '    -f-  -^  <i  «  cos  (7  -  «)         (67) 

Since  both  d  a  and  d  t  are  indefinitely  small,  it  follows 
that  in»  itiust  not  any  longet  be  infinite  as  in  the  pre- 
vious cases. 

It  will  be  seen  from  (67)  that  the  values  for  the  negative 
secondary  ampere  conductors  ti,,  n„  are  proportional  to  cos 
(7—  €).  The  time  cvirve  of  the  current  coi^ductors  in  any  of 
the  secondary  coils  appears,  therefore,  as  shown  in  Fig.  21,  if 
we  imagine  the  value  i^  Un  infinitely  small.. 

The  determination  of  the  primary  current  values  follows 
again  from  the  condition  that  the  known  resultant  field  must  be 
proportional  to  the  sum  of  the  magnetizing  effect  of  the  primary 
ampere  ttuns  and  the  just  determined  secondary  ampere  turns. 

With  uniformly  distributed  secondary  conductors,  it  is  again 
immaterial  which  coil  point  is  nimibered  1,  and  we  may,  there- 
fore, make  y  =  0,  which  merely  means  that  coil  point  1  happens 
to  coincide  with  P  when  a  =  0.  .  It.  further  means  that  any 
coil  n  passes  P  at  the  time  a  =  —  €.  This  follows  directly 
from  Fig.  13. 

IT 

A, coil,  point  witji  €  =,—  r^  therefore,  passes  P  at  the  tune 

IT 

-5—.  It  follows  also  from  (63)  and  (67)  that  both  the  positive 
and  negative  currents  in  this  conductor  aace  zero.  Reference  to 
Fig.  20  for  a  =  90  deg.  =  -^  further  reveals  that  at  that  time 

the  resultant  flux  in  the  axis  Z  Z  of  the  primary  coil  is  zero,  and 
that  the  sine-shape  flux  curve  has  its  maximum  at  the  primary 
coil  point  P  P'.  This,  in  turn,  means  that  there  is  no  change  in 
flux  density  at  these  points  (the  differentia  coefiicient  of  a 
cosine  curve  being  zero  at  its  maximum  value),  and,  therefore, 
no  resultant  ampere  conductors  acting.  It  follows  directly  that 
under  this  condition  and  with  the  secondary  coil  points  at  P  and 

IT 

P'  carrying  zero  current,  the  primary  cturent  for   a  =  — 5- 
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must  also  be  zero.  We  know  further  that  all  other  secondary 
coil  points  carry  at  this  moment  positive  currents  as  per  equation 

(63),  and  evidently  the  resultant  field  at  the  time   -5—  =  a 

must  be  induced  by  these  currents  alone.  Since  the  field  is 
constant,  we  know,  therefore,  that  the  positive  secondary  cur- 
rents alone  are  just  sufficient  to  induce  the  necessary  resultant 
field.  From  this,  we  can  at  once  derive  our  sixth  fundamental 
condition  applying  only  to  the  present  case,  namely,  that  the 
sum  of  the  primary  ampere  conductors  and  the  negative  ampere 
conductors  of  the  secondary  coil  points  coinciding  with  the  primary 
coil  point  must  be  zero  at  all  times. 

This  leads  to  the  following  calculation,  restdting  in  a  formula 
for  the  primary  magnetizing  current. 

With  7  =  0,  each  secondary  coil  point  n  passes  the 
primary  coil  at  the  time  a  =  —  €  and  it  follows  therefore 
from  (67)  and  the  condition  just  stated,  that  the  primary 
ampere  turns  at  the  time  a  must  be 


to  Ws 


I  Wn  = 


TT  -^  d  a 
d  a 


4 


-=—  (/  €  cos  ( —  e) 
^'  (68) 


where  —  €  =  a 

In  this  equation,  we  may  neglect  the  infinitely  small 
d  a  as  compared  to  tt  and  let  tt  —  d  a  =  tt.  We  may 
further  let  d  €  =  (f  a,  both  being  infinitely  small  and 
obtain 


K 


tp  np  — 
We  find  the  crest  value  of  the  current 


_^_eosa 


«. 


K, 


(69) 
(60) 


It  follows  from  (69)  that  the  primary  current  follows  a  cosine 
law,  as  is  to  be  expected  with  an  impressed  sinusoidal  voltage 
and  a  rotating  field  with  sinusoidal  distribution. 

We  know  from  (6a)  the  value  with  open  secondary,  and,  there- 
fore, find  the  ratio  of  the  open  to  the  closed  secondary  magnetiz- 
ing current  in  the  primary  to  be 


— j—  =  -J—  =  2.45  for  the  present  case. 
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Knowing  the  fltuc  set  up  by  the  primary  at  each  instant,  namely, 

^P  =  ^-y-j^cosa 

and  the  resultant  flux  <p»,  the  flux  set  up  by  the  secondary  cur- 
rents, being  the  difference  of  the  two,  can  now  be  easily  plotted 
for  the  various  values  of  a  as  in  Fig.  20.  It  will  be  seen  that 
the  flux  fiunished  by  the  secondary  has  a  rather  peculiar  space 
distribution,  being  the  difference  between  a  sinusoidal  and  rect- 
angular distribution  field  form.  The  traveling  of  the  resultant 
field  and  the  secondary  magnetomotive  forces  is  again  the  same 
as  in  previous  cases. 

The  tertiary  voltage  is  in  this  case  evidently  of  the  same 
value  and  curve  shape  as  the  impressed  voltage,  the  zig-zag  and 
belt  leakage  being  obviously  zero. 

Case  No.  5 
Primary  Sinusoidal  DistribtUian,  Infinite  Number  of  Secondary 
Phases   With  Negligible  Resistance  and  Leakage 

One  of  the  reasons  why  the  previous  cases  with  a  concentrated 
primary  winding  were  taken  up  so  much  in  detail,  is  because  it 
can  be  definitely  proved  in  these  cases,  that  the  resultant  rotating 
field  approaches  a  sinusoidal  distribution  very  closely  in  spite 
of  the  very  unfavorable  rectangular  field  form  set  up  by  the 
primary  winding.  With  this  fact  established,  it  is  obvious  that 
with  a  distributed  primary  winding  giving  in  itself  a  sinusoidal 
field  distribution,  a  similar  resultant  field  will  exist.  If  we  as- 
sume further  an  infinite  number  of  secondary  coils,  together 
with  the  previous  assimiptions  of  an  impressed  primary  sinu- 
soidal voltage,  a  true  sinusoidal  resultant  field  will  undoubtedly 
obtain  and  can  simply  be  used  as  the  basis  for  all  calculations. 
Similar  considerations,  together  with  results  obtained  in  Case 
No.  4,  justify,  under  these  conditions,  the  assimiption  of  a 
sinusoidal  primary  current  wave,  shifted  90  deg.  against  the 
impressed  voltage  wave.  Such  an  ideal  case  may  now  be  con- 
sidered to  good  advantage  because  the  knowledge  of  this  and  the 
previous  opposite  extremes  is  helpful  in  the  understanding  of  the 
more  practical  cases. 

With  the  self-evident  assumptions  just  made,  the  resultant 
ampere  conductors,  that  is,  the  sum  of  the  primary  and  secondary 
at  each  point  of  the  circiunference,  can  again  be  found  from  our 
fifth  fundamental  condition,  that  the  ampere  conductors  of  each 
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point  must  be  the  difference  of  the  magnetic  densities  at  either 
side  of  the  point  under  consideration. 

Having  thus  a  means  for  detennining  the  resultant  ampere 
conductors,  and  knowing  laws  for  the  time  curve  of  the  primary 
current,  as  well  as  for  the  distribution  of  the  primary  and  second- 
ary conductors,  we  can  easily  write  down  a  number  of  equations 
expressing  these  laws,  and  which  are  necessary  for  determining 
the  numerical  values  of  the  currents. 


It  is  well  known  that  the  flux  needed  to  induce  the 
proper  counter  e.  m.  f .  with  a  sinusoidal  winding  distri- 
bution, is  as  a  matter  of  course,  larger  than  with  a 
concentrated  coil,  which  can  be  taken  care  of  by  the 
usual  voltage  winding  coefficient.     The  latter  is  in  the 

T 

4 


present  case  c  = 


so  that 


^.. 


(63) 
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if  (pc  is  the  flux  as  found  from  formula  (2)  for  a  concen- 
trated primary  winding. 

If  the  total  number  of  primary  turns  is  again  »p  and 
if  they  are  first  assumed  to  be  uniformly  distributed  over 


the  pole  arc  ir  we  would  have  ip 


ampere    turns 


for  an  infinitely  small  kngle  d  c.  With  sinusoidal  dis- 
tribution, as  shown  in  Fig.  22,  we  find  a  maximum  value 
of   ampere   turns,    by   multiplying   this   average    with 


which  gives 


d€ 


at  the  center  x  x'  of  the  primary  phase  belt.  A  value 
for  the  ampere  turns  at  a  point  Wp  an  angle  z  away  from 
this  center,  is  consequently 

Up      J 

%p  — ^  d  c  cos  z 

The  instantaneous  primary  current  values  following 
a  cosine  law  are  under  the  assumption  of  the  crest  value 

/p. 

tp  =  Ip  cos  a 

and  the  ampere  turns  of  a  space  angle  d  c  are 


ip  n,  =  Ip  cos  a  — ^  d  €  cos  3 


(64) 


We  know  fiu-ther  from  previous  considerations,  equa- 
tion (63),  that  the  resultant  ampere  turns  at  a  rotor 
point  w,  an  angle  €  ahead  of  coil  number  1,  must  be 

irn  «rn    = ^     -j^   d  €    COS    (T    -     €)  (65) 

It  was  also  pointed  out  that  the  ampere  turns  fur- 
nished by  the  secondary  must  be  at  any  point  of  the 
circumference  and  at  any  time  the  difference 

ip  flz     —   irn  flrn    =  in  tin  (66) 

For  the  sake  of  simplicity,  we  may  again  number  the 
secondary  coil  points  so  that  point  1  coincides  with  the 
center  of  the  primary  phase  belt  at  the  time  a  =  0 
which  simply  means  that   7  =  0  in  the  formula  for 

,  firn-     This  also  means  that  the  rotor  coil  n  coincides 
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with  a  stator  coil  point,  which  is  an  angle  €  from  the 
center  at  the  time  a  =  0  and  angle  e  +  a  =  Z  at  the 
time  a. 

n»  d  e 


Thus  we  can  write  by  setting  tin  = 


and  by  in- 


troducing into  (66)  the  values  from  (64)  and  (66) 

Ip  cos  a  — jf-  d  €  cos  (€  +  a)  H — ^    ^r-  d  €  cos  (—  e) 
2,  4        A I 


=    tn 


fig  d  € 


(66  A) 


Since  both  the  maximum  primary  current  Ip  and  the  secondary 
current  are  unknown  in  the  single  equation  derived  in  (66  A) 
we  again  make  use  of  our  fourth  fundamental  condition  that  the 
resultant  secondary  current  area  over^he  time  ir  must  be  zero, 
in  order  to  obtain  another  equation. 

We  know  from  the  above  that  the  secondary  coil  n 
coincides  with  the  center  of  the  primary  phase  belt  at 
the  time  a  .=  —  €  and  a  =  -■  €  +  tt  and  that  the 
integration  of  the  secondary  currents  between  these 
times  must  be  zero. 

Therefore,  we  have,  if  we  let  d  a  =  d  e 

[ip  COS  a  —^  d  a  cos  {t  +  a) 

-€ 

H — J-   -^  d  a  cos  (—  €)]  =  0 
from  which  we  find 

f  4-  («^) 

tip        A I 

For  open-circuited  secondary,  we  can  find  from  a 
simple  calculation 

ip       K 


fi 


ip  =  - 


h  =  - 


2n,    Ki 


(68) 


With  Ip  known,  we  can  find  in  fin  from  (66A)  for  any 
point  fi  of  the  secondary, 

n,     ,  K     ,       <p     /cos(— €) 

—  cos  a  cos  {a  +  e)\ 
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or 


in  n,  =  -^     -J-  (p  cos  (2  a  +  €) 


(69) 


It  will  be  seen  from  (67)  and  (68)  that  the  primary  magnetiz- 
ing current  with  closed  and  synchronously  rotating  secondary  is, 
therefore,  just  twice  the  magnetizing  current  with  open  second- 
ary. This  is  in  line  with  the  assumption  usually  made  in  com- 
mercial designing. 

Fig.  23  shows  the  secondary  cvurents  for  a  nimiber  of  secondary 
points  corresponding  to  various  values  of  €,  as  well  as  the 
primary  ciurent. 


PRIMARY  FIELD  FORi» 
SINUSOIDAL 


Fig.  23 


It  will  be  seen  that  all  the  secondary  currents  are  in  this  case 
double  frequency  sinusoidal  currents,  with  the  same  maximum 
values  of 

K 


/n  =  -f-   -^ 


Ki 


(69A) 


Fig.  23a  shows  the  fields,  or  rather  the  magnetomotive  forces 
as  furnished  by  the  primary  and  the  secondary,  as  well  as  the 
resultant  field,  all  of  which  have  a  sinusoidal  local  distribution 
in  this  particular  case.  This  figure  shows  better,  than  those 
previously  given,  the  fundamental  characteristics  of  the  fields 
and  how  they  travel.  The  primary  magnetomotive  force  with 
the  axis  z  z  is,  of  course,   not  rotating,  but  stationary  and  al- 
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temating;  that  is,  varying  in  size  and  polarity.  The  resultant 
field  with  the  axis  yyof  practically  constant  size  travels,  relative 
to  the  stator,  at  uniform  speed  and  synchronously  with  the 
secondary  member  to  the  right.  The  magnetomotive  forces 
furnished  by  the  secondary  currents  with  the  axis  x  x  are  also 
practically  constant  in  size  and  travel  with  equal  speed,  relative 
to  the  stator,  to  the  left.  Relative  to  the  synchronously  rotating 
secondary,  the  resultant  field  is,  therefore,  fixed,  while  the  second- 
ary magnetomotive  force  rotates  with  double  synchronous  speed 
in  a  backward  direction.     Such  double  speed  field  or  rather 


P.-P..m«ryntld  ,  . 

Ra'Htftiltant  FieW  .^  ,_ 


^ 


VL 


magnetomotive  force  in  the  secondary  is,  of  course,  to  be  ex- 
pected in  so  far  as  the  secondary  currents  are  known  to  be  double- 
frequency  polyphase  currents.  While  the  primary  field  may  be 
considered  as  the  sum  of  the  field  set  up  by  the  secondary  and 
of  the  resultant  field  from  a  purely  mathematical  point  of  view, 
as  has  been  done  at  times,  it  should  be  kept  in  mind  that  actually 
the  primary  field  is  primarily  induced  from  the  line;  its  existence, 
in  turn,  causes  double-frequency  currents  in  a  synchronously 
rotating  rotor  which,  if  they  are  imagined  to  exist  without  pri- 
mary ciurents,  would  induce  a  field  rotating  opposite  in  direction 
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to  the  mechanical  direction  of  rotation.  As  previously  men- 
tioned, the  speed  of  this  imaginary  field  is  synchronous  relative 
to  the  primary  and  double  synchronous  relative  to  the  rotor. 
Stating  the  facts  physically  correct,  we  may  say  that  the  sta- 
tionary and  alternating  primary  magnetomotive  forces  of  line 
frequency,  together  with  the  double-line-frequency  secondary 
magnetomotive  forces,  combine  to  induce  a  resultant  field  which 


rotates  in  the  same  direction  as  the  mechanical  rotation  of  the 
secondary  and  with  the  same  speed  relative  to  the  primary. 

Case  No.  6 

Primary  Field  Form  Consisting  of  Straight  Line  Functions,  Infinite 

Number  of  Secondary  Phases 

In  practise,  it  is  difficult  to  obtain  sinusoidal  distribution  of 

the  primary  winding,  and,  therefore,  winding  distributions  as 

shown  in  Fig.  24  are  usually  resorted  to;  such  distribution  can 
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be  easily  obtained  by  either  concentric  windings  or  chorded 
diamond  coils. 

While  it  is  possible  with  such  windings  to  induce  sinusoidal 
counter  e.m.fs.  with  resultant  fields  having  other  than  sinu- 
soidal distributions,  it  may  at  present  be  assumed  that  a  sinu- 
soidal distribution  of  the  resultant  field  exists  as  in  all  previous 
cases  of  an  infinite  number  of  secondary  phases.  Such  a  field 
will  always  induce  sinusoidal  counter  e.m.fs.,  thereby  satisfying 
our  first  fundamental  condition. 

In  view  of  the  strong  tendency  for  the  establishment  of  a 
resultant  sinusoidal  field  previously  demonstrated,  this  assump- 
tion is  quite  justified,  provided,  of  course,  that  otu*  other  funda- 
mental conditions  can  be  met  satisfactorily  under  this  assimip- 
tion.*    The  following  calculations  will  show  that  this  is  the  case. 

For  similar  reasons,  a  sinusoidal  time  curve  for  the  primary 
current  may  at  present  also  be  assumed. 

The  general  method  for  determining  the  desired  quantities 
is  in  the  present  case  the  same  as  in  the  previous  case.  The 
only  difference  is  that  the  distribution  of  the  priqjary  conductors 
does  not  any  longer  follow  a  single  law  all  around  the  circtun- 
ference,  making  it  necessary  to  consider  the  different  portions 
A ,  jB,  and  C,  in  Fig.  24  individually  in  the  calculatiour  this  leads 
naturally  to  more  complicated  equations. 

If  the   total  primary  turns  again  »p,  we  find  that 

an  angle  d  e  within  the  angle  A  has  .  .  ** ,    pv    turns, 

(A  -f-  n) 

while  an  equal  angle  d  e  within  the  angles  B  and  Bi 

usually  has  o  (/  4-  B)  ^^^^^• 

A  secondary  coil  point  «,  an  angle  €  shifted  against 
point  Imust  again  have  the  resultant  ampere  turns — 
see  equation  (63) 

0       K 

irn  Urn  = 1-     -j^  ^  ^  ^OS  (-  C)  if   7    -  0  (70) 

*Note:  It  should  be  remembered  that  our  considerations  so  far  still 
assume  uniform  magnetic  reluctance,  negligible  resistances  and  leakage 
reactances,  etc.  In  practical  machines,  both  single-phase  and  polyphase 
operated,  it  is  quite  possible  and  in  practise  often  actually  experienced, 
that  the  resultant  fidd  form  has  higher  harmonics,  caused  by  magnetic 
densities  in  the  iron,  bad  distribution  of  resistance  between  bars  and  rings 
of  squirrel-cage  windings,  etc.  These  are  important  problems  in  them- 
selves and  will  be  made  the  subject  of  a  separate  study,  apart  from  the 
present  paper. 
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While  passing  the  angles  C  and  C\  which  occvirs  during 
the  times 


-4-+B-€toa  =  ^ 


+^+C-€ 


and 

a  =  -^  +3B  +  C~€toa  =  -^  +3B  +  2C-e 

no  other  ampere  turns  act  upon  this  point  and  these 
ampere  turns  must,  therefore,  be  furnished  by  the  rotor, 
so  that 

While  the  same  secondary  point  passes  any  of  the 
angles  A  or  B,  we  must  find  the  secondary  ampere  turns 
as  the  difference  of  the  primary  and  the  resultant  ampere 
turns. 

Point  n  passes  the  angles  B  during  the  times 

a  =  -^ €  to  a  =  -y   +  B-  e 

a=-^+B  +  C-€toa  =  -y    +2B  +  C-6 


etc. 
Dtiring  this  time,  we  must  have 


in  WnB  "^  -   Ip  COS  a 


fipde 


2{A+B) 


^     -rT-    d  €  COS  (—   €) 

4         A| 


(71) 


Point  n  passes  the  angles  A  during  the  times 

A  ,  A 

a --etoa  =  -^-€ 

and 

a  =  -Y-  +  2B  +  C-(toa  =  ^  +2B  +  C-t 

During  this  time,  we  must  have 

tipd  € 


in  «nA  =   —  /,  COS  a 


A  +B 


-|-    -^  d  €  COS  (-  e) 


(72) 
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We  know  again  that  the  integral  of  in  fin  between 

a  =  —^ €  to  a  =  — ^ €  must  be  zero, 

that  is, 


J 


.-j-.+  ^  +  B  +  >J 


»»»-* 


*/'' 


^-^-€+y    +/J 


^fiB 


T- •+# +* 


t-«+f 


+  I  »»  « 


.-V- 4+^+23  +X 


*/ 


f-€+|-+B+>l 


3» 


3_»  _ 

■A' 


-y-«+2B+A  + 


This  equation  applies  only  as  long  as  €  < 


(73) 


but 


similar  equations  follows  in  other  cases.      By  substi- 
tution, we  find  from  this 


h 


r{A+B) 


4  I  sin  -^ 1-  cos  — ^ 


(  sii 


)~' 


ip       K 


The  flux  is  in  this  case  again 
1 

if  (pc  the  flux  required  with  a  concentrated  primary  coil. 
The  coefficient  c  is  in  this  case 


(76) 


^    .    A  +B 
2  sm  — 77 


c  = 


>1  +5 
With  diamond  shaped  chorded  coils 

2sin4+^ 


cos  —5-  (76  A) 


A  +  B 
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corresponds  to  the  usual  distribution  factor  and 


cos 


B 


=  sin 


T-  B 


2  ^'"         2 

corresponds  to  the  usual  chord  factor. 


uK--!>-       i 


PmMARY  FIELD  RWM 
TRIANGULAR 


Fig.  25 

It  will  be  seen  in  (74)  that  €  has  cancelled  out  which  means 
that  a  primary  cvurent  following  a  cosine  law,  together  with  a 
sinusoidal  resultant  field  fulfills  in  each  secondary  coil  located 


Fig.  26 


at  any  angle  €  away  from  coil  1  the  condition  that  the  average 
current  in  the  coil  is  zero.  This  being  the  case,  we  have  shown 
that  the  assumptions  of  a  sinusoidal  space  distribution  of  the 
resviltant  field  and  a  sinusoidal  time  curve  for  the  primary  cur- 
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rent  made  in  the  beginning  of  this  case  were  correct  under  otir 
present  conditions. 

Figs.  25  to  29,  inclusive,  show  the  curves  for  the  secondary 
currents  for  a  number  of  different  field  forms.  Fig.  25  covers  the 
case  of  a  triangular  field  form  for  which  the  currents  correspond- 
ing to  €  =  0  are  rather  small,  while  those  corresponding  to 
c  =  90  deg.  are  rather  large.  Fig.  28  gives  the  case  of  a  machine 
in  which  the  winding  is  uniformly  distributed  over  120  deg.  as 
would  be  the  case  in  a  full-pitch  three-phase  machine  run  single- 
phase.  As  compared  with  the  previous  case,  the  ciurents 
corresponding  to  €  =  0  have  increased,  and  those  corresponding  to 
€  =  90  deg.  have  decreased.  Fig.  27  gives  the  case  of  a  machine 
in  which  the  primary  winding  is  uniformly  distributed  over  90 


Fig.  27 

deg.,  as  would  be  the  case  in  a  full-pitch  two-phase  machine,  run 
single  phase.  As  compared  with  the  previous  case,  the  cunents 
corresponding  to  c  =  0  have  again  increased,  and  those  corre- 
sponding to  €  =  90  deg.  have  decreased.  Fig.  28  shows  the  case 
of  a  primary  winding  which  is  practically  concentrated.  It  will 
be  realized  that  even  with  a  primary  winding  wound  into  one 
coil,  the  field  form  will  not  be  truly  rectangular,  but  somewhat 
as  shown  in  Fig.  28.  Accordingly,  the  secondary  currents  will 
not  assume  infinite  values  as  theoretically  found  in  connection 
with  Case  No.  4,  but  it  will  be  somewhat  similar  to  those  shown 
in  Fig.  28.  Fig.  29  corresponds  to  a  winding  in  which  A  is  90 
deg.,  B  35  deg.,  and  C  20  deg.  As  will  be  seen  from  the  figure, 
the  primary  field  form  approaches  in  this  case  very  closely  a 
sinusoidal  curve.     While  the  primary  current  from  (74)  is,  in 
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this  case,  only  one  per  cent  different  from  that  obtained  with  a 
sinusoidal  distribution,  it  will  be  seen  that  the  secondary  currents 
are  still  very  much  different  from  a  sinusoidal  double-frequency 
curve.  This  shows  that  even  the  slightest  departure  from  the 
sinusoidal  curve  necessary  for  practical  reasons  leads  to  very 
irregular  secondary  current  ciuves,  although  the  departure  from  a 
sinusoidal  curve  is  the  smaller  the  closer  the  primary  distribution 
approaches  such  a  curve. 

Fig.  27a  shows  the  magnetomotive  forces  furnished  by  the 
primary  and  the  secondary,  as  well  as  the  resultant  field  for  the 


Fig.  27A 

case  covered  in  Fig.  27.  It  can  be  noted  again  that  the  secondary 
magnetomotive  force  travels  in  a  direction  opposite  to  the 
resultant  field;  its  distribution  assumes,  however,  in  contra- 
distinction to  Fig.  23a,  rather  irregular  shapes,  being  always  the 
difference  between  the  primary  trapezoid  and  the  resultant  sine 
curve. 

Case  No.  7 

Primary   Distribution   According   to   a    Function  f{z),    Infinite 
Number  of  Secondary  Phases 
It  is  evident  that  the  methods  used  in  the  previous  cases  can 
be  applied  to  any  distribution  of  primary  ampere  turns.     If  the 
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primary  field  form  is  made  up  from  portions  of  straight  lines, 
each  of  them  being  a  function  /  (s),  the  method  of  Case 
No.  6  can  be  applied,  no  matter  what  the  number  of  different 
straight  lines  is.     Naturally,  the  equations  will  become  rather 


t-ir, 
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mMARY  neu)  PDMi     / 
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Pic.  28 

long  and  complicated,  if  the  field*  form, isjcomposed  of v many 
different  lines.  In  certain  cases,  it  may,  therefore,  be  simpler  to 
resolve  the  primary  field  form  into  a  single  equation  of  a  funda- 


FiG.  29 

mental  sine  wave  and  its  higher  harmonics,  and  then  proceed 
as  in  Case  No.  5.  In  this  case,  a  single  function  /  («)  applies 
for  the  whole  cycle.  In  such  cases,  the  function  may,  however, 
be  such  as  to  lead  to  complications  in  connection  with  the  inte- 
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gration  necessary  for  finding  /,.  Thus  the  one  or  the  other 
method  may  be  found  more  convenient,  depending  upon  the 
case. 

Case  No.  8 

Primary  Winding  Distributed  in  Closed  Slots,  Infinite  Number 

of  Secondary  Phases 

In  actual  practise,  field  forms  and  distributions  of  primary 
ampere  turns  can  be  approximately  obtained  as  shown  under 
Case  No.  6  by  skewing  either  the  stator  or  the  rotor  one  primary 
slot  pitch.  The  practise  of  skewing  slots  meets,  however,  with 
certain  practical  difficulties,  especially  with  large  machines  and, 
therefore,  it  is  of  interest  to  determine  the  influence  of  the 
straight  standard  slot.  The  use  of  slots  for  locating  the  primary 
ampere  turns,  which  brings  about  a  concentration  of  the  ampere 
tiUTis  in  a  number  of  points  instead  of  uniform  distribution  as 
assumed  in  Case  No.  6,  leads  to  field  forms  as  shown  in  a  full 
line  Fig.  30a  instead  of  that  shown  by  a  dotted  line  in  the  same 
figure  and  corresponding  to  the  case  of  Fig.  27.  As  pointed  out 
under  Case  No.  7,  it  is  possible  to  treat  such  a  case  along  the 
same  lines  as  described  under  Case  No.  6,  which  requires,  how- 
ever, a  considerable  amount  of  calculation,  especially  with  a  large 
number  of  slots. 

For  these  reasons,  the  description  of  a  graphical  method  for 
determining  the  secondary  currents  may  be  of  interest.  This 
method,  which  is  based  on  the  facts  previously  determined, 
introduces  a  slight  theoretical  error,  which,  however,  is  of  no 
practical  importance.  On  the  other  hand,  the  graphical  method 
gives  a  much  clearer  picture  of  what  happens  in  the  machine 
than  can  be  obtained  from  the  previous  formulas. 

We  have  previously  found  that  the  resultant  flux  rotating  with 
the  rotor  of  an  infinite  number  of  phases  is  nearly  constant  and 
has  a  sinusoidal  local  distribution  around  the  surface.  From 
this  we  further  concluded  that  with  uniform  air-gap  reluctance, 
we  must  have  at  all  times  at  any  synchronously  rotating  rotor 
point  a  resultant  constant  number  of  ampere  turns,  the  size  of 
which  follows  a  cosine  law  around  the  rotor.  Line  A  B  \n  Fig. 
30c  may  represent  this  constant  resultant  ampsre-turn  value  for 
a  certain  point.  Now  we  know  that  such  resultant  value  is  at 
any  time  the  sum  of  the  rotor  ampere  turns  at  this  point  and  of 
the  stator  ampere  turns  which  happen  to  be  located  opposite  to 
this  rotor  point  during  the  time  element  under  consideration. 
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Let  us  assume,  for  instance,  a  case  as  assumed  in  Fig.  27  and  a 
rotor  point  corresponding  to  €  =  0;  this  means  the  rotor  point 
passing  the  center  of  the  primary  phase  belt  at  a  =  0,  that  is, 
at  the  time  when  the  primary  current  reaches  its  maximtmi 
value. 

Fig.  30b  shows  the  dotteji  areas  a  a'  b'  b  representing  the 
primary  winding  belts.  While  our  rotor  point  travels  from  Ji  to 
a  and  from  b  to  a^,  it  is  not  acted  upon  by  any  primary  ampere 
turns,  which  means  that  the  secondary  ampere  turns  are  iden- 
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tical  with  the  resultant.  Therefore,  the  portions  Ji  to  a  and 
ft  to  Ha  of  the  line  A  B  oi  Fig.  30c  represent  portions  of  the 
secondary  ampere-turn  time  curve. 

TW  sine  ciu^e  C  represents  the  time  curves  of  the  primary 
current  as  found  from  formula  (74)  for  this  case  plotted  so 
against  the  circumference,  that  y  represents  the  time  value  of 
the  primary  current,  when  our  point  has  reached  a  point  Pi  on 
the  stator  circumference.  If  we  multiply,  therefore,  y  with  the 
turns  located  at  this  point,  we  get  the  number  of  stator  ampere 
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turns  acting  upon  our  point,  when  it  has  reached  point  Pi  on 
the  stator. 

These  ampere  turns  xy  act  in  the  same  direction  as  the  re- 
sxiltant  ampere  turns  R  represented  by  line  A  Bin  Fig.  30c.  If 
we  add  xy  to  A  B  b&  shown,  we  obtain  the  sum  of  the  primary 
and  restiltant  ampere  turns,  and  it  is  also  evident  that  the  rotor 
ampere  turns  must  be  the  difference  between  —  xy  and  R  as 
shown.  By  proceeding  similarly  for  all  other  points,  we  obtain 
the  heavy  dotted  line  6/  Ji  aa'  b'  b  at  aj',  representing  the  time 
curve  of  the  secondary  current,  which  corresponds  exactly  to 
the  curve  for  €  =  0  in  Fig.  27.  The  distance  between  A  B  and 
the  light  dotted  curves  a  a"  b"  b  etc..  represent  the  primary 
ampere  turns. 

Let  us  assimie  now,  for  instance,  that  the  same  number  of 
primary  turns  are  concentrated  in  three  equally  spaced  slots  as 
represented  by  the  areas  7,  8,  9,  10,  11,  12,  13,  14  and  15,  16, 
17,  18  in  Fig.  30b.  We  know  then  from  a  ntunber  of  previous 
considerations  that  the  primary  current  still  follows  a  sine  law, 
if  the  number  of  secondary  phases  is  infinite.  The  maximimi 
value  of  the  primary  current  is  slightly  changed  by  the  change 
made,  but  it  can  be  shown  that  the  error  in  assuming  it  to  be 
the  same  as  before  is  less  than  one  or  two  per  cent  in  the  majority 
of  cases.  Therefore,  we  can  proceed  just  as  described  before  and 
obtain  very  close  values  for  the  secondary  ampere  turns  as 
represented  by  the  fxill  line  curve  1,  2,  3,  4,  5,  6,  7,  etc.  in  Fig. 
30c.  It  is  at  once  evident  that  the  effective  or  heating  value 
of  this  curve  is  considerably  larger  than  that  of  the  dotted  curve. 

Case  No.  9 

Primary  Winding  Distributed  in  Open  SlotSy  Infinite  Number  of 
Secondary  Phases 

In  all  previous  cases,  the  resultant  ampere  turns  of  a  given 
point  were  assimied  to  be  proportional  to  the  difference  in  density 
of  the  adjacent  surface  portions.  This  assumption  is  practically 
correct  in  most  cases  of  closed  and  partially  closed  slots.  With 
wide  open  slots,  it  will,  however,  be  necessary  to  take  the 
variations  of  the  air  gap  reluctance  into  account.  This  can  be 
done  very  easily  with  the  method  shown  under  Case  No.  8. 
It  is  merely  necessary  to  replace  the  straight  line  A  B  of  Fig. 
30c  by  a  ciu^e  A  C  B\  as  shown  in  Fig.  31,  such  curve  repre- 
senting the  varying  reluctance  of  the  air  gap  caused  by  the  slot 
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openings  and  with  it,  the  varying  resultant  ampere  turns  re- 
quired to  bring  about  the  practically  constant  flux  condition 
necessary  for  equilibrium.  The  secondary  ampere  turns  can 
then  be  found  just  the  same  as  in  Fig.  30,  except  that  the  distances 
X  y  are  entered,  starting  from  the  curve  A  C  Bin  Fig.  31  instead 
of  from  the  straight  line  A  B  m  Fig.  30c. 

In  this  manner,  we  obtain  the  heavy  line  curve  1,  2,  3,  4,  6, 
etc.,  giving  the  secondary  ciurent  and  ampere  turns.  It  will 
be  seen  that  higher  harmonics  are  introduced  all  over  the  second- 
ary ciurent  cycle,  at  the  same  time,  the  maximiun  peaks  have 
been  reduced  as  compared  with  the  previous  case. 

Case  No.  10 

Primary    Winding   Distributed  in   Slots,   Polyphase   Secondary 
Winding  Distributed  in  Slots 
The  case  with  both  primary  and  secondary  winding  distributed 
over  a  limited  ntunber  of  non-skewed  slots  found  most  com- 
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Fig.  31 

monly  in  practise  requires  an  altogether  impractical  amount  of 
calculation  for  its  correct  treatment.  It  will  be  shown,  however, 
that  for  a  well  balanced  design,  very  close  results  can  be  ob- 
tained by  the  aid  of  the  facts  established  with  the  previous  cases. 
We  have  found  in  connection  with  cases  Nos.  1,  2  and  3  (see 
in  particxilar  Figs.  13  and  16)  that  each  secondary  slot  reflects 
into  the  concentrated  primary  winding,  while  passing  the  same, 
a  very  high  ciurent  peak.  Such  peak  is  infinite  if  the  secondary 
coil  is  concentrated  in  a  mathematical  point  and  under  the 
assumption  of  no  leakage  reactance.  In  practise,  neither  of  the 
latter  assumptions  apply.  The  fact  that  the  secondary  slots, 
even  if  practically  closed,  distribute  the  effect  of  the  secondary 
ampere  turns  over  a  certain  distance  on  account  of  the  flux 
dispersion,  changes  the  infinite  values  of  infinitely  short  duration 
to  definite  values  still  rather  large  and  of  relatively  short  duration. 
The  difference  between  the  theoretical  primary  current  curve 
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and  the  actual  caused  by  the  fact  that  the  effect  of  the  secondary 
coil  is  not  concentrated  in  a  point  is  the  same  as  the  difference 
between  the  secondary  currents  of  Fig.  16  and  those  of  Fig.  28. 
The  leakage  reactance  present  in  every  machine  serves  further 
to  reduce  the  height  of  the  higher  harmonic  current  peaks, 
especially  since  they  are  of  rather  high  frequency.  Since  the 
secondary  flux  dispersion  around  the  slots,  as  well  as  the  leakage 
reactance,  vary  over  wide  ranges  in  different  designs,  it  is  difficult 
to  give  a  general  rule  regarding  the  exact  height  of  the  higher 
harmonic  current  peaks  actually  obtained  in  case  of  Fig.  16. 
It  is  evident,  however,  that  in  this  case,  peaks  of  such  magnitude 
may  be  obtained  to  cause  an  appreciable  difference  between  the 
actual  primary  current  curve  and  a  sinusoidal  ciu^e.  Since  the 
nature  of  this  actual  curve  cannot  easily  be  determined,  the 


Fig.  32 

method  of  Cases  No.  8  and  9  for  the  determination  of  the  second- 
ary ciurents,  or  any  of  the  other  methods  cannot  be  readily 
employed. 

If  the  primary  winding  is  distributed  over  a  number  of  slots 
of  the  same  pitch  as  the  secondary  slot,  as  shown  in  Fig.  32, 
conditions  are  practically  the  same  as  before.  Each  of  the 
secondary  currents  has,  in  the  case  assumed,  three  reversed 
current  peaks,  as  shown  in  Fig.  30,  instead  of  one,  as  shown  in 
Fig.  28,  each  of  the  three  peaks  being  about  one-third  of  the 
single  peak.  Since,  however,  three  secondary  coils  coincide 
simultaneously  with  the  three  primary  coils,  three  secondary 
current  peaks  of  one-third  size  are  reflected  at  the  same  time 
into  the  primary,  giving  again  rather  bad  peaks  in  the  primary 
current  wave.    Experience  with  noise,  dead  points,  etc.  has  long 
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ago  taught  designers  to  avoid  equal  tooth  pitch  in  both  members, 
and  relative  tooth  pitches,  as  shown  in  Fig.  33  are  commonly 
used.  In  this  case,  only  one  secondary  slot  coincides  at  the 
time  with  a  primary  coil  so  that  the  secondary  reflects  for  each 
high  peak  in  Fig.  16,  several  smaller  peaks  into  the  primary. 
Both  the  higher  frequency  and  the  smaller  amplitude  of  these 
peaks,  together  with  the  effect  of  the  leakage  in  most  practical 
machines,  iron  the  higher  harmonics  out  to  such  an  extent  that 
the  departure  of  the  actual  primary  current  wave  from  the 
sinusoidal  can  be  neglected  in  most  well  designed  machines. 
Therefore,  it  is  permissible  to  asstmie  primary  currents  as  calcu- 
'lated  from  (67)  for  the  investigation  of  most  practical  cases, 
although  small  errors  may  be  introduced  even  in  well  designed 
machines  and  appreciable  errors  in  some  extreme  cases. 


Pig.  33 

With  a  primary  current  wave  estabUshed,  the  method  of  Case 
No.  8  may  be  applied  to  a  limited  number  of  secondary  coils 
with  certain  modifications. 

We  must  now  consider  the  fact  that  no  matter  what  the  dis- 
tribution of  the  primary  ampere  turns  is,  the  fluxes  will  always 
distribute  fairly  uniform  over  a  secondary  tooth.  Asstmie,  for 
instance,  again  the  same  primary  winding  and  field  as  in  case  of 
Fig.  27  and  Fig.  30.  If  we  have  then  a  secondary  slot  n  located 
at  a  point  x  as  shown  in  Fig,  34a,  it  is  evident  that  the  flux  between 
the  points  n  —  1  and  n  will  distribute  uniformly  over  the  second- 
ary tooth  iV,  as  indicated  by  a  dotted  line  1,  2.  Similarly,  the 
flux  between  n  and  n  +  1  will  distribute  uniformly  over  the  tooth 
JV  +  1,  as  indicated  by  the  dotted  Une  3,  4.     The  result  is,  there- 
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fore,  the  same  as  if  a  number  of  primary  turns  proportional  to 
the  vertical  line  2,  3  were  concentrated  in  the  point  x.  By  deter- 
mining the  length  of  2,3  in  this  manner  for  a  number  of  locations 
of  the  point  x,  we  obtain  a  curve  a,  ft,  c,  d,  shown  in  Fig.  34b 
which  represents  the  equivalent  primary  distribution  of  turns. 
The  corresponding  current  values  are  again  represented  by  the 
sine  cxirve  which,  as  previously  pointed  out,  is  only  an  approxima- 
tion.    By  multiplying  the  values  of  the  two  curves,  we  obtain, 


Pig.  34 

as  before,  injFig.  34c  the  time  curve  for  the  secondary  ampere 
turns  for  €  =  0.  By  comparison  with  Fig.  30c,  it  will  be  seen 
that  the  high  peaks,  and  with  them  the  losses,  have  been  ma- 
terially reduced  by  going  from  an  infinite  or  a  very  large  ntmiber 
of  secondary  slots  to  a  niunber  of  slots  only  slightly  different 
from  the  number  of  primary  slots.  Similar  improvements  will 
be  obtained  in  case  of  open  slots,  if  the  secondary  slot  pitch  ap- 
proaches the  primary  slot  pitch. 
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Case  No.  11 
Squirrel-Cage  Rotors 
In  all  previous  cases,  a  polyphase  rotor  with  coils  was  assumed, 
and  accordingly,  the  fact  that  the  flux  within  the  secondary  coils 
is  approximately  constant  was  used  as  a  basis  for  the  calcxilation. 
In  practise,  short-circuit  or  damping  windings  of  the  squirrel- 
cage  type  are  more  commonly  employed.  With  such  windings, 
each  tooth  is  surrounded  by  a  short-circiiited  turn,  which  means 
that  the  tendency  is  to  keep  the  flux  within  each  tooth  constant. 
It  has  been  shown,  however,  imder  Case  No.  3  that  the  tooth 
fluxes  must  also  be  constant  with  a  coil  winding  and  it  appears, 
therefore,  that  the  fundamental  conditions  are  the  same  in  both 
cases  and  that  the  results  obtained  for  coils  are  equally  applicable 
to  the  bars  of  squirrel-cage  windings. 

Case  No.  12 
Synchronous  Machines 
The  previous  considerations  apply  principally  to  induction 
machines,  but  it  is  evident  that  the  methods  given  can  be  readily 
used  in  connection  with  synchronous  machines.  The  only  thing 
changed  is  that  certain  or  all  current  points  in  the  secondary 
carry  a  constant  direct  current.  In  considering  these  points, 
the  constant  d-c.  ampere  turns  furnished  from  an  outside  source 
must  be  taken  into  consideration  in  the  various  equations  for  the 

ampere  turns. 

Case  No.  13 

Primary  Sinusoidal  Distribution,  Infinite  Number  of  Secondary 
Phases,  Resistance  and  Leakage  Reactance  Taken  Into  Account 

So  far,  the  resistances  were  assimied  to  be  negligible  in  all 
cases;  this  assumption  holds  approximately  true  at  no-load  with 
large  machines,  as  for  instance,  phase  converters  for  locomotives. 
Single-phase  induction  motors  are,  however,  principally  built 
for  very  small  sizes  with  some  of  which  the  influence  of  the 
resistances  may  be  noticable  even  at  no-load. 

The  influence  of  the  secondary  resistance  in  case  of  sinusoidal 
primary  field  distribution  with  an  infinite  ntimber  of  secondary 
slots  may  now  be  investigated. 

For  zero  resistances,  we  found  the  instantaneous  current  values 
of  the  primary  and  secondary,  respectively,  to  be 

ip  =  Ip  cos  a 

in  - /*cos(2a-f-€)(see(69)) 
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Resistance  in  the  secondary  may  change  both  the  phase  relations 
and  the  crest  values  Ip  and  /»  of  the  currents.  If  we  desig^nate 
by  d  the  change  in  phase  angle  of  the  primary  current  and  by  p 
the  corresponding  change  in  the  secondary  current,  we  have, 
therefore,  the  new  relations 

ip  =  Ip  cos  (a  +  0)  (76) 

and 

in  -  /„  cos  (2  a  +  c  +  p)  (77) 

wherein  at  present  Ip,  /»,  0  and  p  are  unknown. 

In  order  to  send  the  currents  in  through  the  secondary  coils 
with  a  resistance  r»,  we  must  induce  voltages  Cn  =  in  r%  in  the 
coils.  Knowing  this,  as  well  as  the  law  of  change  for  in  from  (77) , 
we  can  easily  find  the  law  for  the  flux  changes  necessary  in  each 
coil  to  induce  the  voltages  «».  In  other  words,  we  find  the  con- 
ditions which  the  flux  has  to  fulfill  to  obtain  equilibritun  in  the 
secondary  circuits.  By  determining  further,  as  in  all  previous 
cases,  the  conditions  which  the  flux  has  to  fxilfill  for  giving 
equilibritun  in  the  primary  circuit,  we  can  definitely  determine 
the  actual  fluxes  satisfying  both  primary  and  secondsiry.  The 
following  calculation  carried  out  along  these  lines  gives  all  desir- 
able information  about  the  fluxes. 

Assimie  again  as  in  the  previous  cases  that  each  second- 
ary coil  n  an  angle  €  ahead  of  coil  1  passes  the  center  of 
the  primary  belt  at  the  time  a  =  —  c. 

The  voltage  to  be  induced  in  a  coil  n  is  according  to 
the  above  considerations 

Cn   ^^  infn   ^   /»  Tn  COS   (2  «   +   €  +  p)  (78) 

Therefore,  the  rate  of  change  of  the  flux  within  the 
coil  must  be 


K.      Ya       =  ^»  =  -f»  ^-  COS  (2  a  +  €  +  p)       (79) 

where 

K,  =  2irf  10-« 

From  which  we  find 

K.ipni  =  -^  /n  r„  sin  (2  a  +  €  +  p)  +  C  (80) 

wherein  C  is  the  integration  constant. 

The  latter  is  found  by  considering  the  required  flux 
relations  with  regard  to  the  primary.  Let  us  assume 
at  present  that  the  flux  within  each  primary  coil  follows 
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a  sine  law  and  that  the  flux  interlinking  with  the  center 
of  the  primary  coil  belt  has  its  maximum  value  tp  at 
the  time  a  =  0,  as  in  all  previous  cases.  Then  the 
instantaneous  flux  value  interlinking  with  this  center  is 

iPi  =  ip  cos  a 
Since  each  secondary  coil  n  coincides  with  the  primary 
belt  center  for  a  =  —  €,  the  flux  within  the  secondary 
coil  n  at  this  time  must  be 

fPni  =  <Pi  '^  <p  cos  a  ^  <p  cos  (—  c)  (81) 

or  if  we  combine  (80)  and  (81)  for  a  =  —  € 

K,  ip  cos  (-  €)  =  -2-  In  r»  sin  {-  €  +  p)  +  C 
or 

C  =  li:.^cos(-€)-  ^  /„  fn  sin  (-  €  +  p)         (82) 
and  introducing  this  into  (80),  we  get 
K^  iPni  =^  Kg<p  COS  (-  €)  +  Y  In  f n  [  sin  (2  «  +  €  +  p) 

-  sin  (-  c  +  p)  ]  (83) 

According  to  previous  considerations,  we  know  that  the 
flux  (pf,  of  an  infinitely  small  secondary  tooth  N  is  one- 
half  the  difference  between  the  fluxes  of  the  two  adjacent 
coils  n  and  «  +  1,  an  angle  d  i  apart;  therefore,  we  have 


<Ps 


^(n+l)>—    <Pni 

2 


=     2^    f-*^'  ^  ^^^  (-   (€  +  d  €)  )  -  if.  ^  cos  (-   C) 

+    ^  /n  fn  (sin  {2a  +  €  +  d€  +  p) 
—  sin  (2  a  +  c  +  p) 
-  sin  (-  (€  +  d€)  +  p)  +  sin  (-  €  +  p))]        (84) 
From  this  we  find  the  density 

+  -i  7,  r»  (cos  (2  a  +  e  +  p)  -  cos  (-  e  +  p))](86) 
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In  order  to  check  our  previous  assumptions  regarding 
the  flux  interlinking  with  the  center  of  the  primary  phase 
belt,  we  determine  now  the  voltage  induced  in  the  pri- 
mary. Equation  (86)  represents  the  flux  distribution 
around  the  secondary  in  terms  of  €.  The  distribution 
around  the  primary  in  terms  of  Z  follows  directly  from 
the  fact  that  we  always  have 

s  =  €  +  aor€  =  «— a 
Introducing  this  into  (86)  we  get, 


Bz 


+  1  /.rn(cos(a  +  «  +  p)  -  cos  (a  -  «  +  p))]  (86) 

The  total  flux  interlinking  with  a  coil  z  extending  from 
ztoz  +  TT  is 


JC      Bzdz 


i"*i 

«-!+» 


=  2X.    I    [-^•^sin(a-«)di 


+  y  J„  r»  cos  (a  +  2  +  p)  d  « 

—  cos  (a  —  «  +  p)  d  «)  I  =  —  2  ^  cos  (a  —  z) 

+  cTir  /»  fn  [2  sin  (a  +  P  +  2)  -  2  sin  (a  +  p  -  «)  ] 
IK.  (87) 

The  voltage  «i  induced  in  coil  z  with  turns 

fit  =  — ^  coszdz     (See  Case  No.  5) 

is  found  by  determining  K.  -r^  ng  from  (87). 


We  obtain 


-^  cosz  dz[2  (p  K.  sin  (a  —  2) 


+  -i-/»  N  [  2  cos  (a  +  p  +  2)  -  2  cos  (a  +  p  -  «)  J  (88) 
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The  total  primary  voltage  follows  from  this  by  inte- 


grating between  the  limits  «  = ^  to  z 

which  gives 


IT 

2 


ep^  K. 


<p  tip  sm  a 


(89) 


which  is  in  line  with  (63)  under  Case  No.  5  and,  there- 
fore, shows  that  equations  (86)  and  (86)  for  the  flux 
densities,  satisfy  the  conditions  of  equilibrium  in  the 
primary  as  well  as  in  the  secondary  windings. 

While  the  expressions  for  the  densities  found  in  (86)  and  (86) 
are  correct,  they  do  not  offer  the  complete  solution  in  so  far  as 
they  contsiin  the  secondary  current  value  /«,  which  is  still 
unknown.  It  is,  therefore,  necessary  to  determine  this  cturent 
before  a  study  of  the  fields  is  possible.  In  doing  this,  we  utilize 
again  our  condition,  that  the  resultant  ampere  turns  at  any 
point  of  the  circtimf erence  must  be  proportional  to  the  difference 
in  density  at  either  side  of  the  point.  This  leads  to  the  following 
formulas  resulting  in  the  determination  of  the  currents  Ip,  In 
and  their  phase  angles. 

The  resultant  ampere  tiuTis  at  a  coil  n  follow  from  (86) 


^rnr 


-  2"  -^^  ^*  (s^^  (2  a  +  €  -  p)  -  sin  (-  €  -f-  p))  J 


From  (76)  and  (77)  we  know 


(90) 


tp  fit  =  ip 
and 

in  rtn  =  in 

and  since 


cos zde  =  Ip  —^  cos z cos  {a+0)d€ 


(»i) 


«. 


dt 


n. 


/,-^cos(2a  +  «  +  p)rf6      (92) 

IT 


in  tin  +  <p  n.    «  ir  tlr 

we  get  the  general  equation 

In  — -  cos  (2  a  +  €  +  p)  +  Ip  -j^  cos  z  cos  (a  +  0) 

IT  Z 

K      r  1 

-  4X7X  L'^'  ^  ^^^^"  ^^  "^  2  ^*  ''*  ^^^  ^^  a+€  -P) 

-  sin  (-  €  +  p))]  (98) 
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While  this  equation  has  four  unknown  quantities,  it 
applies  to  any  value  of  c,  and  we  can  therefore,  obtain 
from  it  any  number  of  equations  by  assuming  a  corres- 
ponding number  of  definite  values  for  €.  As  a  matter 
of  course,  we  asstime  these  values  so  as  to  get  simple 
expressions. 

Some  rather  simple  conditions  are  obtained  by  con- 
sidering coils  in  line  with  the  line  Y  Y'  in  Fig.  22, 
because  the  primary  winding  has  zero  conductors  in 

Y  and  Y\  which  eliminates  all  expressions  with  Ip  in  (93). 
Let  us  consider  for  instance  a  secondary  coil,  which 

TT 

is  an  angle  c  =  — ^  ahead  of  coil  1  and  passes  the  points 

Y  Y'  at  the  time  a  =  0.     Introducing  these  values  into 
(93)  we  get 

^^/,,„^sin(^  +  P)-  sin(-  -|-  +  P)j 


K 


%K 


or 


or 


sin  P  -  A  TT    jr  ^n  cos  p 


sm  p        ^  K 

^  =  tan  p  =    p.    „ 

cos  p  ^        KiK^ 


n. 


4 


(94) 


This  pennits  the  determination  of  p  and  any  of  it^ 
functions. 

Let  us  now  consider  secondary  coil   1  with  €  =  0 


passing  points  Y  and  K'  at  the  time  a  — 
ducing  these  values  into  (93)  we  get 


Intro- 


In  —r-  cos  (^r  +  p) 


4KiK,  \^'  ^  +  2"  -f«  ''•  (sin  (tt  -  p)  -  sin  p)  J 


or 


'•{^ 


cos  p  + 


K 


iK,K, 


r»sin  p 


) 


K 


<P 


Digitized  by 


Googh 


1018] 


HELLMUND:  INDUCTION  MOTORS 


605 


or 


/n   = 


K  ip  TT       

^'  ^  ^*  COSP  + 

<P  T       


K 


IT    r»  . 


_    iST       ^       T     cos  p 

i?r  I       4       n,     cos^  p  +  tan  p  sin  p  cos  p 

(See  (94)  for  tan  p) 


/•  = 


JT 

ii:i 


_r_    cos  p  =  -^  tan  p  cos  p    (96) 

4  «.  '^  fn 


1 


(95a) 
This  permits  the  determination  of  /«. 

Let  us  now  consider  the  center  of  the  primary  phase 
belt,  i.e,,  point  x  and  x'  with  2  =  0,  and  assume  further 
a  =  0,  at  which  time  the  secondary  coil  1  with  c  =  0 
coincides  with  x  and  x\ 

Introducing  these  values  into  (98),  we  get 

In  — -  cos  p  +  Ip  -^  cos  0  — 

IT  Z 

-  4^^  I  ^  +  ^  ^*  r„   (  sin  (-  p)  -  sin  p)  ) J 
a  2      /  K       if      .    ,     n.  \ 


or 


cos 


cos  5  =  — 


<P 


K 


(1  +  cos*  p) 


(96) 


2  Ip  ftp    Ki 
Let  us  further  consider  the  center  of  the  primary  phase 

TT 

belt  for  a  =  —^  at  which  time  a  secondary  coil  with 


€  =  — 


coincides  with  x  and  x\ 


Introducing  these  values  into  (93),  we  get 


Digitized  by 


Googh 


606 


HELLMUND:  INDUCTION  MOTORS 


[April  9 


or 


Ip^-  In 


«. 


_2^ 

X 


cos 


(-f+') 


cos(-I-+(l) 

or  by  introducing  In  as  found  in  (96)  we  get 


T     --      ^         <P 


or 


^^^        XT    "2" 


1     sin  p  cos  p 
Wp  sin  fl 

sin  2  p 


1         

tip  sin  d 

By  introducing  this  into  (96)  we  get 

sin  d         ^      A       sin  p  cos  p  sin  2  p 

cos  fl  1  +  cos*  p  1  +  cos*  p 


(97) 


(97.A) 


(98) 


We  are  now  in  a  position  to  calculate  all  currents  and  their 
phase  relations  correctly  for  any  rotor  resistance.  We  are 
fiuther  in  a  position  now  to  calculate  with  /»  known  from  (86) 
and  (86)  the  flux  values  for  both  the  primary  and  secondary 
member.     This  has  been  done  in  Figs.  35  and  36  for  a  case  with 

p  =  30  deg. 

It  is  evident  from  Fig.  35,  which  is  plotted  for  a  case  of  rela- 
tively high  rotor  resistance  that  the  rotor  resistance  not  only 
causes  a  variation  in  the  size  of  the  rotating  field  but  also  a  varia- 
tion in  its  speed  relative  to  the  stator.  Fig.  36  showing  the  same 
case  with  the  field  plotted  against  the  secondary  surface  shows 
how  the  field  runs  at  times  ahead  of  the  secondary  and  subse- 
quently falls  back,  completing  such  a  cycle  in  the  time  a  =  x. 
The  combination  of  the  variation  in  size  and  the  running  ahead 
and  falling  back  of  the  field  with  regard  to  the  secondary  induces 
the  voltage  in  the  rotor,  which  is  required  to  drive  the  rotor 
currents  over  the  rotor  resistance.  The  dotted  line  for  a  =  75 
deg.  in  Fig.  35  shows  the  maximum  field  interlinking  with  the 
center  coil  of  the  tertiary  winding,  and  indicates  that  the  tertiary 
voltage  is  shifted  less  than  90  deg.  against  the  primary  cotmter 
e.  m.  f .  and  different  in  size  therefrom.  The  irregidar  field  speed 
with  regard  to  the  primary  can  be  seen  by  comparing  the  values  of 
V  giving  the  angle  of  space  travel  with  the  corresponding  time 
angle  a  of  the  same  curve;  it  will  be  seen,  for  instance,  that  the 
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field  travels  39  space  degrees  during  the  first  30  time  degrees, 
etc.  The  variation  in  the  field  size  is  indicated  by  the  line 
connecting  the  crest  values  of  the  field,  and  it  will  be  seen  that 
this  curve  has  double  line  frequency.     In  normal  machines,  the 


KT 


a*v      3^     w  w  isn 'm  xser 


Pig.  35 

influence  of  the  resistance  is  very  much  smaller  than  indicated 
in  these  figures  and  especially,  in  case  of  the  sizes  used  for  phase 
converters  it  is  negligible  at  no-load,  with  regard  to  its  influence 
upon  the  field  sizes  and  currents,  although  the  phase  shifting 
effect  upon  the  tertiary  voltage  is  appreciable  in  most  cases.     In 


Pig.  36 

small  single-phase  induction  motors  with  high  rotor  resistance 
it  may,  however,  be  necessary  to  consider  the  resistance  if 
exact  results  for  the  currents  are  desirable. 

The  tertiary  voltage  can  now  also  be  easily  determined.    Since 
we  know  the  laws  for  the  stator  flux  distributions,  we  merely 
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need  to  find  the  total  flux  for  each  tertiary  coil  by  adding  all 

fluxes  within  the  coil.     By  finding  from  this  -——    «,  we  get  the 

voltage  for  each  coil  and  subsequently  the  total  voltage  by  a 
simple  integration  of  the  individual  coil  voltages. 

Equation  (87)  previously  derived  gave  the  flux  for 
any  stator  coil  an  angle  z  away  from  the  center  of  the 
primary  phase  belt.     The  tertiary  winding  has  its  maxi- 

mtmi  turns  at  the  line  Y  Y'  Fig.  22,  that  is,  for  z  =  — ^ 

and  the  timis  for  a  coil  an  angle  z  away  from  x  x'  are, 
therefore, 


fh'  = 


sm  zdz 


d  ip^ 


By  combining  this  with      ,    —   as  found   from    (87) 
we  obtain  therefore, 

^^  ^  e^   =  -^  sin  sd«  [2  ^  sin  (a  -  Z) 

+  -i-  /nfn  (2cos  (a  +  p  +  3)-2  cos  (a  +  p-z) )]   (99) 

The  total  tertiary  voltage  follows  from  this  by  inte- 
grating between  the  limits  3  =  0  to  z  =  x  which  gives 

ti  =  —J-    I  —  ^  (  ^  sin    (a  —  2  «)  +  s  cos  a  j 
+  "2  ^n  rn  ( "2  cos  (2  2  -  a  -  p)  -  a  sin  (a  +  p) 
-  -^  cos  (2  z  +  a  +  p)  -  2  sin  (a  +  p)  j  J 


e«  =  - 


np  {ip  cos  a  -\-  Infn  sin  (a  +  p)]       (100) 


It  will  be  seen  that  the  tertiary  voltage  consists  of  a  vector 
equal  and  at  a  right  angle  to  the  primary  voltage  plus  an  out-of- 
phase  vector  proportional  to  the  secondary  ohmic  drop.  In  the 
case  assumed  in  Figs.  35  and  36,  the  tertiary  voltage  is  larger  than 
the  primary  and  shifted  against  it. 

The  influence  of  resistance  in  the  primary  winding  is  taken 
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into  account,  the  same  as  in  any  other  a-c.  apparatus,  and,  there- 
fore, does  not  need  to  be  discussed  here. 

The  influence  of  the  leakage  reactances  can  be  taken  care  of 
in  the  same  way  as  the  resistances  with  the  only  difference  that 
the  out-of-phase  relation  of  the  leakage  reactance  drop  is  taken 
care  of  in  equation  (78)  which  gives  an  equation 

^  =  /,.„cos(2a  +  e  +  p--f) 

where  Xn  is  the  secondary  leakage  reactance.  Otherwise,  the 
procedure  will  be  the  same  as  outlined  in  connection  with  the 
secondary  resistance. 

The  influence  of  leakage  reactance  alone  can,  however,  be 
taken  care  of  in  a  much  simpler  way,  by  the  following  considera- 
tion. 

With  zero  resistances  and  zero  losses,  there  will  be  no  phase 
displacements  in  either  the  primary  or  secondary  currents,  as 
found  under  Case  No.  5,  and,  therefore,  only  the  size  of  these 
currents  will  be  changed  by  the  presence  of  leakage  reactance. 
Let  us  assume  a  primary  leakage  coefficient  of  ap  and  a  secondary 
leakage  coefficient  of  a,.  This  means  that,  if  a  certain  magneto- 
motive force  in  the  secondary,  for  instance,  induces  a  total  flux 
iPt,  a  part  a,  ip,  of  the  total  flux  follow  the  leakage  path,  while  the 
remaining  part  ^.  (1  —  <r,)  goes  across  the  gap  to  the  stator; 
similar  conditions  apply  to  the.  primary. 

Assume  in  Pig.  37  the  line  x  a:  to  go  through  the  center  of  the 

primary  phase  belt  and  the  line  y  y  through  the  center  of  the 

tertiary  phase  belt. 

jf 
We  found  that  at  the  time  a  =  -^  ,    the  primar}*^  m.  m.  f .  is 

zero,  while  the  secondary  m.  m.  f .  sets  up  a  field  with  the  center 
along  X  jc.     If  vector  /,  represents  the  local  position  and  size  of 

the  secondary  m.  m.  f .  for  a  =  — ^ ,  the  same  vector  <pg  may  be 

assumed  to  represent  the  flux  sent  across  the  gap  by  this  m.  m.  f. 
This  flux  cuts  the  tertiary  winding  on  the  stator,  and,  therefore, 
represents  the  tertiary  flux  (pt  in  size. 

Since  according  to  our  previous  definition  the  flux  (pt    = 
ip,  (1  —  <r,)  we  find  the  total  secondary  flux  vector 

<p,  =  -j^  (101) 
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With  zero  secondary  resistance  we  know  this  flux  to  be  con- 
stant and  rotating  with  synchronous  speed.  It  may,  therefore, 
be  represented  by  the  vector  ip,'  =  ip,  at  the  time  a  =  0.  The 
secondary  m.  m.  f .  represented  by  //  =  /,  acts  at  that  time  in  a 
demagnetizing  direction,  as  shown  by  vector  //.  The  secondary 
leakage  fluxes  being  induced  by  the  secondary  currents  only  are 


y 


*; 


A>9 


L'. 


«,'*t',^*. 


L. 


/ 
/ 
/ 


/ 


|y 

Fig.  37 


of  course  in  the  direction  of  these  currents  and  may  be  repre- 
sented b}""  the  vector 

L\  =  ^/  X  (T.  (102) 

If  L,  is  the  secondary  leakage  flux  acting  in  negative  direction 
and  ipt'  the  resultant  secondary  flux,  we  must  have  a  flux 

if,'  =  ip.'  +  U  (108) 
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cross  the  air  gap  into  the  secondary  core.  In  order  to  send  such 
flux  across  the  gap,  we  need  a  resultant  m.  m.  f .  of  /,  represented 
by  the  same  vector.  The  primary  m.  m.  f.  follows  therefore  as 
the  difference  of  Ir  and  /,'  and  is  represented  by  Ip. 

The  primary  leakage  flux  prodticed  by  this  m.  m.  f.  is  found 
from  the  imaginary  primary  flux  ippo  to  be 

Lp  =  <rp  X  ^po  (104) 

Adding  this  to  the  gap  flux  <pg'  we  obtain  the  total  primary  flux 


X  ^pfortf-O  ^ 


«;forar-OI 


^.fora--? 


Pig.  38 
3y  making  the  proper  substitutions,  we  get 


^.  =  *"[i^  +  -.(i  +  r^)]  =  ^.^«  (106) 


Since  in  all  but  cases  of  exceptionally  high  leakage 


1  +  <r. 
1  -  <r. 


can  be  set  approximately  equal  to  1  +  2  <r„  we  can  write 

(p^  =  <p,  (1  +  2  ffj,  +  2  <r,  +  2  <r.  a,) 
or  if 

<T,  =  <T,  =  a,  where  ff  =  average  leakage  coefficient  for  one 
member. 


<pt  = 


<Pp 


1  +  4  <r  +  2  <r» 


(106) 


Digitized  by 


Qoo^^ 


612 


HELLMUND:  INDUCTION  MOTORS 


(April  9 


The  value  2  cr*  is  usually  negligible  in  practise  and  therefore 


ipt  = 


<Pp 


(107) 


1  +  4<r 

Fig.  38  shows  the  fluxes  given  by  vectors  in  Fig.  37  as  they  are 
actually  distributed  in  the  machine. 

The  equations  for  the  current  follow  from  the  same  considera- 
tions and  the  following  simple  calculation. 

In  order  to  produce  an  air  gap  flux  ipg,  we  need  a  pri- 
mary current 


'        2n,    K, 
and  a  secondary  current 

4         n.  K, 


In   = 


(See  equation  68) 


(See  equation  69A) 


If  we  find  from  these  the  values  for  ^,  and  equate 
them,  we  obtain  the  following  relation  between  primarj' 
and  secondary  currents: 

,      2         n. 


(108) 


1 


(109) 


The  secondary  current  is 
_    T       <pg       K     _     T         K 
•"4       n.      X,    "■     4         Ki 

(See  equation  (107)  for  ipg.) 

Reflecting  this  into  the  primary  winding,  we  get  by 
utilizing  (108)  an  equivalent  current  of 


1 


^-  =  i 


/r    = 


-^  (110) 


E-    J£jL    -L 

K I        Up        Kt 

In  order  to  send  the  flux  ipg  across  the  gap,  we  need  a 
resultant  current 

Ki 


2  tip 

where  (pg'  follows  from  (103) 
to 

<Po'  =    <Pp''  ^P  Ip 


K 


1-2  tip 


Now  we  know  that  Ip  must  be  the  sum  of  /j«  and  L, 
therefore, 


Jp        2 


K 
Ki 


<Pp 


K, 


+ 


<pp 
2n„ 


K 


-  (Tp/p 
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or 


/.  = 


<Pp 


K 
Ki 


1  + 


1 


2«p 
We  may  assume  approximately 
_1_ 

if  we  further  set 

1  -  2ff 


1  +  ffp  tip      Ki 


1  + 


=  2-4<r=  2(l-2<r) 


we  get 


1+  ffp 


K 


=  1  -  3  <r 


K 


ip  =  — —      -p-  (1  —  d  <r)  =  — —      -^-  Aa 

Up  Pi.  I  Tip  R.  I 

(111  A) 

It  will  be  seen  from  comparison  of  (110)  and  (69A),  that  the 
secondary  currents  are  the  same  with  and  without  leakage  except 

1 


for  the  factor 


K2 


which,   in   normal   machines  is  somewhat 


smaller  than  1. 

Similarly,  a  comparison  between  (111)  and  (67)  shows  that  the 
primary  currents  are  the  same  with  and  without  leakage,  except 
for  the  factor  K^,  which,  in  normal  machines,  is  somewhat 
smaller  than  1.  The  infliuence  of  the  leakage  upon  the  fields, 
currents,  etc.,  is  usually  much  larger  than  that  of  the  resistances 
and  is  especially  in  small  machines  quite  appreciable. 

We  have  so  far  considered  leakage  and  resistance  separately. 
An  exact  consideration  of  the  two  combined  gives  rather  compli- 
cated expressions  T^ithout  giving  an  appreciably  greater  degree 
of  correctness,  than  is  obtained  by  first  considering  the  resistance 
only  and  subsequently  modifying  the  currents  with  the  factors 

-pr-  in  case  of  the  secondary,  and  Kz  in  case  of  the  primary.     A 
A2 

lengthy  exact  derivation  of  the  combined  effect  may  therefore, 
be  omitted  here. 

All  through  the  previous  considerations,  it  has  been  assumed 
that  the  rotor  runs  synchronous.  In  practise,  a  very  small  slip 
is  caused  by  the  torque  required  to  overcome  bearing  and  windage 
friction.  This  causes  small  currents  of  the  slip  frequency  in  the 
rotor  in  addition  to  those  found  from  our  calculations.  These 
low-frequency  currents  are,  however,  at  no-load  so  small  that 
they  are  of  no  practical  importance  whatsoever. 
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Case  No.  14     . 

Primary  Winding  Distributed  in  Slots,  Short-circuited  Secondary 
Winding  in  Slots,  (Squirrel-Cage  or  Individual  Coils  Short- 
Circuited)  Resistance  and  Leakage  Reactance  Taken  into  Account. 

It  is  evident  from  the  foregoing  that  an  exact  consideration  of 
the  influence  of  resistance  and  leakage  reactance  in  case  of  any 
but  the  simple  sinusoidal  distribution  of  the  primary  winding 
leads  to  altogether  impracticable  amounts  of  calculation.  It  has 
already  been  pointed  out,  however,  that  with  windings  distrib- 
uted into  slots  the  presence  of  resistance  and  leakage  reactance 
is  beneficial  with  regard  to  the  elimination  of  the  higher  har- 
monics in  the  currents  and  that  it  is,  therefore,  permissible  in 
most  practical  cases  to  neglect  the  influence  of  the  slots  upon  the 
primary  current  wave  form  in  all  but  extreme  and  undesirable 
designs.  While  the  presence  of  resistance  and  leakage  reactance 
is  beneficial  with  regard  to  the  currents,  it  must  be  realized,  how- 
ever, that  the  smoothing  out  of  the  current  waves  is  obtained  at 
the  expense  of  the  field  form  for  the  resultant  field.  If  we  have, 
therefore,  for  instance  cases  with  few  slots  per  pole  which  would 
call  for  marked  current  peaks  without  leakage  reactance  and 
resistance,  the  reduction  of  such  current  peaks  caused  by  the 
presence  of  leakage  reactance  will  result  in  higher  harmonics  for 
the  resultant  field  form  and  may  with  the  loaded  motor  lead  to 
certain  counter  torques  at  certain  low  speeds  resulting  in  dents 
in  the  speed-torque  curve  frequently  observed  in  practise.* 

Whatever  higher  harmonics  in  the  current  waves  are  not  fully 
eliminated  by  the  leakage  reactance  will  usually  restdt  in  in- 
creased effective  current  values  and  ohmic  losses  which,  in  them- 
selves, may  or  may  not  be  sufficient  to  show  up  in  practical  tests 
of  commercial  machines.  Furthermore,  the  harmonics  may  on 
account  of  their  high  frequency  cause  very  appreciable  eddy  losses 
in  heavy  copper  conductors  often  used  in  larger  machines.  Large 
no-load  losses  otherwise  unaccounted  for  can  often  be  traced  to 
this  cause. 

Any  departures  from  the  primary  sinusoidal  winding  distribu- 
tion made  necessary  in  practise  by  the  fact  that  the  windings 
have  to  be  distributed  in  winding  belts,  as  shown  in  Fig.  24, 
with  definite  steps  instead  of  being  graduated  according  to  a  sine 

•Note:  This  is  not  the  only  cause  for  dents  in  speed-torque  curve  but 
only  one  of  many  causes.  A  previous  footnote  has  already  mentioned 
that  variation  in  the  permeability  of  iron,  bad  distribution  of  resistance 
in  the  rotor,  etc.,  may  cause  undesirable  conditions  along  this  line. 
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law  may  have  effects  similar  to  those  just  discussed  in  connection 
with  the  influence  of  the  slots.  The  harmonics  caused  thereby 
in  the  currents  are  usually,  however,  of  a  much  lower  order  than 
those  caused  by  the  teeth,  and,  therefore,  the  smoothing  out 
effect  of  the  resistance  and  leakage  reactance  will  be  much  smaller 
and  in  most  practical  machines  almost  negligible.  A  practical 
method  for  determining  the  no-load  currents  rather  closely  con- 
sists, therefore,  in  the  determination  of  the  currents  by  the 
methods  and  formulas  given  under  Case  No.  6  and  by  subse- 
quently modifying  the  currents  thus  obtained,  for  the  influence 
of  the  resistance  and  leakage  reactance  through  the  introduction 
of  the  correcting  factors  as  found  in  connection  with  the  sinusoidal 
distribution  in  Case  No.  13.  A  similar  procedure  will  give  good, 
results  with  regard  to  the  tertiary  voltage  of  the  phase  converter. 
The  presence  of  secondary  resistance,  especially  in  squirrel- 
cage  windings,  as  well  as  the  presence  of  leakage  reactance,  both 
of  which  interfere  to  a  certain  extent  with  the  formation  of  ideal 
field  forms  may,  on  account  of  this  latter  fact,  introduce  a  cer- 
tain amount  of  differential  leakage  which  is  otherwise  impossible. 
It  is,  therefore,  advisable  to  allow  in  practical  machines  for  a 
small  amount  of  differential  leakage  in  the  calctilation. 

Case  No.  15 

Primary  Winding  Distributed  in  Slots,  Secondary  Winding  of 
the  Slip-Ring    Type   Distributed  in  Slots,  (t.  «.,  Secondary 
Windings  with  a  Small  Number  of  Phases  with  Dis- 
tributed Coils  of  Each  Phase  Connected  in  Series) 
Space  does  not  permit  to  be  given  here  the  complete  treatment 
of  this  case  which  is  rather  involved,  but  a  few  essential  points 
may  be  mentioned  without  giving  a  ftill  proof  for  the  statements 
made.     With  the  star-connected  three-phase  winding  frequently 
used  in  secondaries,  an  additional  fundamental  condition  has  to 
be  met  besides  those  previously  considered ;  namely,  the  sum  of 
all  currents  flowing  at  any  instant  towards  the  star  point  must  be 
zero.     As  long  as  the  primary  winding  has  approximately  a 
sinusoidal   distribution  thereby  calling  for  sinusoidal   current 
waves  in  the  secondary,  this  condition  is  naturally  fulfilled  as  in 
any  true  three-phase  system  with  sinusoidal  waves.     In  such  a 
case,  we  may,  therefore  utilize  the  results  obtained  in  connection 
with  Cases  No.  5  and  13  with  regard  to  the  primary  currents  and 
the  tertiary  voltages.     The  secondary  currents  follow  directly 
from  the  following  consideration:     We  have  found  for  zero 
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resistance  and  leakage  reactance  in  connection  with  Case  No.  5, 
that  the  entire  resultant  field  is  at  times  set  up  by  the  secondary 
alone.  We  have  further  found  that  the  magnetomotive  force 
of  the  secondary  is  constant.  We  can,  therefore,  conclude  from 
the  combination  of  these  two  facts  that  the  magnetomotive  force 
of  the  secondary  alone  must  be  at  all  times  sufficient  to  set  up  a 
field  which  is  equal  in  size  to  the  resultant  field.  Since  the 
secondary  is  a  three-phase  winding,  its  currents  must,  therefore, 
be  the  same  as  the  magnetizing  currents  in  the  primary  of  a 
three-phase  motor  with  the  same  field  and  the  same  winding 
arrangement.  In  other  words,  the  secondary  current  of  a  three- 
phase  winding  of  a  single-phase  motor  witfi  zero  resistance  and 
leakage  can  be  determined  rather  closely  from  the  formulas  used 
for  the  primary  magnetizing  current  of  a  polyphase  induction 
motor;  still  assuming,  of  course,  that  the  primary  distribution  is 
sinusoidal.  The  effect  of  resistance  and  leakage  reactance  can 
subsequently  be  again  taken  into  account  by  introducing  the 
modifying  factors  found  under  Case  No.  13.  For  delta  con- 
nected and  other  polyphase  secondary  windings,  the  fundamental 
condition  is  somewhat  different,  but  the  conclusions  as  so  far 
reached  apply  as  well. 

With  primary  distributions  not  being  sinusoidal,  a  large 
multitude  of  different  conditions  may  apply.  In  a  great  many 
cases  the  tendency  for  higher  harmonic  currents  in  the  secondary 
is  materially  reduced  as  compared  with  the  short-circuited 
(squirrel-cage)  winding.  With  the  latter,  it  was  possible  for 
each  coil  or  conductor  to  individually  adjust  its  current  along 
the  lines  discussed.  With  a  number  of  distributed  coils  con- 
nected in  series,  this  is  no  longer  possible  and  with  proper  slot 
relation  between  primary  and  secondary,  there  is  a  tendency  to 
replace  each  high  current  peak  of  the  individual  coils  by  a  larger 
number  of  smaller  peaks  in  the  phase  belt.  This  is  the  same 
action  as  previously  described  in  connection  with  the  primary. 
For  this  reason,  we  find  in  a  great  many  commercial  machines 
that  oscillograms  of  the  secondary  currents  closely  approach  a 
sine  curve  even  though  the  windings  are  located  in  slots  and 
depart  a  certain  amount  from  a  sinusoidal  distribution.  On  the 
other  hand,  we  may  find  cases  in  which  the  special  condition 
applying  to  our  present  case  cause,  in  combination  with  the  other 
conditions,  rather  err-atic  current  waves. 

The  previously  mentioned  tendency  for  eliminating  harmonics 
in  slip-ring  secondary  windings  is  again  obtained  at  the  expense 
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of  the  resultant  field  form.  For  this  reason,  we  may  again  have 
superimposed  rotating  fields  and  cprresponding  dents  in  the 
speed-torque  ctirve;  furthermore,  the  differential  leakage  may  be 
appreciable  in  case  of  slip-ring  secondaries. 

CONCLUSIONS 
Fields  and  Magnetomotive  Forces 
The  actually  existing  main  field  in  a  single-phase  induction 
machine  running  light  is  the  resultant  of  magnetomotive  forces 
furnished  by  the  primary  and  secondary  windings.  By  assuming 
the  magnetomotive  forces  of  only  one  of  these  members  existing 
while  those  of  the  other  members  are  asstmied  to  be  zero,  we 
obtain  imaginary  fields  which  may  be  called  primary  field  if  only 
the  primary  magnetomotive  force  is  asstmied  to  exist,  and  the 
secondary  field  if  only  the  secondary  magnetomotive  force  is 
asstmied  to  exist.  All  machines  have,  regardless  of  the  primary 
winding  distribution  and  the  primary  field  form,  a  strong  ten- 
dency to  form  a  resultant  field  of  sinusoidal  space  distribution 
rotating  at  no-load  with  practically  the  same  speed  as  the  rotor, 
*.  e.,  with  synchronous  speed  relative  to  the  primary.  With  an 
infinite  number  of  secondary  slots  and  with  zero  resistance  and 
leakage  reactance,  the  space  distribution  of  the  resultant  field  is 
exactly  sinusoidal  and  the  speed  of  the  field  is  zero  relative  to  the 
rotor  and  synchronous  relative  to  the  stator  no  matter  what  the 
primary  field  form  may  be.  With  a  secondary  winding  having 
individually  short-circuited  coils  or  conductors  embedded  in  a 
limited  number  of  slots  (usually  squirrel-cage  windings),  the 
values  of  the  average  densities  of  the  individual  secondary  teeth 
are  also  constant  and  follow  a  sine  law,  giving  thereby  a  local 
distribution  for  the  resultant  field  of  a  step  form  with'^he  middle 
of  each  step  located  on  a  sine  wave  as  shown  in  Fig.  15 ;  this  is  still 
on  the  assumption  of  zero  resistance  and  leakage  reactance. 
These  ideal  field  conditions  are  in  practise  slightly  disturbed  by 
the  usual  amounts  of  resistances  and  leakage  reactances  of  the 
windings.  The  true  sinusoidal  field  distribution  is  preserved  only 
in  case  of  a  sinusoidal  distribution  of  the  primary  winding  and 
with  infinite  number  of  secondary  slots.  The  presence  of  leakage 
reactance  causes,  however,  even  under  these  assumptions,  slight 
fluctuations  of  double  frequency  in  the  size  of  the  air-gap  field. 
The  presence  of  rotor  resistance  also  causes  such  fluctuation  in 
size  as  well  as  certain  variations  in  the  speed  of  the  resultant 
field  so  that  it  rotates  at  times  somewhat  slower  and  at  times 
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somewhat  faster  than  the  rotor.  The  influence  of  leakage 
reactance  upon  the  air  gap  field  ipg  is  shown  in  Fig.  38;  the  in- 
fluence of  rotor  resistance  upon  the  resultant  field  is  shown  in 
Figs.  35  and  36,  the  former  showing  the  position  of  the  fields 
relative  to  the  primary,  and  the  latter,  showing  it  relative  to  the 
secondary.  The  presence  of  primary  resistance  results,  as  in  all 
a-c.  apparatus,  in  a  slight  phase  displacement  and  a  small 
change  in  the  size  of  the  flux. 

With  non-sinusoidal  distribution  of  the  primary  winding  the 
influence  of  resistance  and  leakage  reactance  is  similar  to  that 
described  in  connection  with  the  sinusoidal  primary  curve. 
Moreover,  it  may,  however,  cause  the  departure  of  the  resultant 
field  from  the  sinusoidal  space  distribution.  Such  departures 
are  slight  in  most  commercial  machines  but  may  be  appreciable 
in  case  of  exceptionally  large  secondary  resistance  or  large 
leakage  reactances. 

With  machines  of  the  slip  ring  type,  which  usually  have  a 
limited  number  of  secondary  phases  with  a  number  of  series- 
connected  phase  coils  distributed  over  phase  belts,  the  resultant 
field  may  depart  more  from  the  sinusoidal  distribution  than  in  all 
other  cases. 

The  size  of  the  resultant  flux  in  single-phase  induction  ma- 
chines is,  as  in  most  a-c.  apparatus,  principally  determined  by 
the  impressed  voltage  and  frequency  and  the  nimiber  of  primary 
conductors  and  their  distribution ;  the  influence  of  the  resistance 
and  leakage  reactance  upon  the  size  of  the  flux  is  usually  rather 
small. 

The  local  distribution  of  the  imaginary  primary  field  is  natu- 
rally governed  by  the  local  distribution  of  the  primary  winding 
and  the  magnetic  reluctances  of  the  machine.  Except  for  minor 
influences  in  the  variation  of  the  reluctances,  the  primary  field  is 
of  constant  form  and  stationary  relative  to  the  primary  winding, 
but  varying  in  size  and  direction. 

The  imaginary  secondary  field  is,  in  its  form  and  size,  at  any 
time  governed  by  the  fact  that  the  primary  and  secondary  densi- 
ties must,  together  give  the  densities  called  for  by  the  previous 
rules  for  the  resultant  field.  This  means  that  the  secondary  field 
has  often  very  peculiar  shapes  and  varies  in  form  and  size  with 
the  primary  winding  distribution  and  the  reluctance  of  the 
machine. 

The  primary  and  secondary  field  forms  as  obtained  when 
neglecting  the  infiuence  of  resistance  and  leakage  reactance  are 
shown : 
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In  Pig.  2  for  a  concentrated  primary  winding  with  a  concentrated 
single-phase  secondary  winding.     (See  Pig.  1.) 

In  Figs.  1 1  and  12  for  a  concentrated  primary  winding  with  concentrated 
two-phase  secondary  windings.     (See  Fig.  6.) 

In  Fig.  20  for  a  concentrated  primary  winding  with  short-circuited 
secondary  having  an  infinite  number  of  slots. 

In  Fig.  23a  for  a  primary  winding  with  sinusoidal  distribution  and  a 
secondary  winding  with  an  infinite  number  of  slots.     (See  Fig.  22.) 

In  Fig.  27a  for  i  primary  winding  evenly  distributed  over  90  deg.  and  a 
secondary  winding  with  an  infinite  number  of  slots. 

The  secondary  field  travels  with  double  synchronous  average 
speed  relative  to  the  secondary  in  a  direction  opposite  to  the 
mechanical  rotation  of  the  secondary.  It,  therefore,  travels  with 
synchronous  speed  relative  to  the  primary  winding  opposite  to 
the  relative  mechanical  rotation  of  the  secondary. 

Primary  Magnetizing  Currents 
The  primary  magnetizing  current  has  a  sinusoidal  wave  with  a 
sinusoidal  voltage  impressed  upon  the  machine  and  an  infinite 
nimiber  of  secondary  slots  and  phases,  regardless  of  the  local 
distribution  of  the  primary  winding.  The  maximum  and  effec- 
tive values  of  these  primary  sinusoidal  currents  are,  however, 
governed  to  a  large  extent  by  the  distribution  of  the  primary 
winding.  This  is  brought  out  by  formulas  given  under  Cases  No. 
5  and  6.  Thfese  formulas  while  applying  exactly  only  under  the 
asstmiptions  made,  are  correct  within  one  or  two  per  cent  for 
most  standard  machines  if  the  turns  of  each  primary  slot  are 
assumed  to  be  distributed  between  the  centers  of  the  two  adjacent 
teeth. 

With  a  non-skewed  slot  construction,  a  slotted  primary  and  a 
short-circuited  secondary  with  a  limited  ntmiber  of  secondary 
slots  (squirrel-cage  rotor)  the  curve  of  the  primary  magnetizing 
current  may  materially  depart  from  a  sine  curve.  Every  time  a 
secondary  slot  coincides  with  a  primary  slot  a  current  peak  is 
caused  in  the  primary  magnetizing  current.  These  peaks  will 
increase  the  effective  value  of  the  currents  above  those  found  in 
the  previous  formulas  and  are  furthermore  liable  to  cause  ap- 
preciable eddy  losses  in  heavy  conductors.  Some  extreme  cases 
of  such  current  peaks  are  shown  in  Figs.  3,  7a,  9a  and  16a 
corresponding  to  windings  shown  in  Figs.  1,  6  and  13.  These 
current  peaks  will  be  the  more  marked,  the  larger  the  number  of 
primary  and  secondary  slots  which  coincide  locally  at  any  one 
time.  By  keeping  such  number  of  coinciding  slots  small,  the 
departure  of  the  primary  current  from  a  sine  curve  can  be  made 
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negligible  so  that  the  formulas  can  be  applied  with  a  sufficient 
degree  of  accuracy. 

The  leakage  reactance  of  the  machine  is  of  material  assistance 
in  eliminating  current  peaks  and  it  may,  therefore,  be  found  that, 
under  otherwise  equal  conditions,  the  magnetizing  current  is 
slightly  smaller  in  machines  with  large  leakage. 

The  fundamental  frequency  of  the  primary  currents  is  of 
course,  the  same  as  the  line  frequency;  whatever  higher  harmonics 
exist  are  usually  odd  harmonics.  If  the  rotor  speed  is  slightly 
less  than  synchronous,  the  location  of  the  higher  harmonics  on 
the  fundamental  wave  changes  periodically  with  the  slip. 

Outside  of  the  influences  previously  mentioned,  resistances 
and  leakage  reactances  of  the  motor  tend  to  decrease  the  primary 
magnetizing  currents  as  can  be  seen  by  comparing  the  formulas 
found  under  Cases  No.  5  and  13. 

In  motors  with  phase-wound  slip-ring  secondaries,  most  of  the 
previous  remarks  apply,  except  that  the  tendency  for  higher 
harmonics  in  the  primary  current  is  usually  somewhat  smaller 
than  in  the  case  of  squirrel-cage  rotors. 

Secondary  Magnetizing  Currents 
With  synchronously  rotating  secondary,  the  fundamental 
wave  of  the  secondary  currents  has  double  line  frequency.  With 
sinusoidal  primary  winding  distribution  no  higher  harmonics 
exist  as  indicated  in  Fig.  23  which  shows  a  number  of  secondary 
currents. 
Any  departure  from  a  sinusoidal  distribution  of  the  primary 
■  winding  will  cause  the  secondary  currents  to  depart  materially 
from  a  sinusoidal  curve  and  furthermore,  cause  the  currents  in 
different  secondary  Conductors  to  be  different  from  each  other. 
If  the  secondary  speed  is  slightly  different  from  synchronous 
speed,  the  current  wave  in  each  secondary  coil  changes  its  shape 
and  size  periodically  with  the  slip.  The  two  waves  of  a  second- 
ary current  cycle  are  usually  different  from  each  other  indicating 
the  presence  of  even  harmonics  which  are  quite  large  in  a  great 
many  cases. 

Figs.  3,  7b,  7c,  9b,  9c,  16b  and  21  show  secondary  current 
waves  for  primary  windings  concentrated  into  a  mathematical 
point  and  having  no  leakage  corresponding  to  arrangements 
shown  in  Figs.  1,  6  and  13.  These  cases  are,  of  course,  extreme, 
and  in  practise,  impossible.  Figs.  25,  26,  27,  28  and  29  show 
secondary  current  waves  of  primary  field  forms  shown  in  con- 
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nection  with  these  figures.  The  heavy  Une  1,  2,  3,  4,  etc.,  of 
Fig.  30c  shows  the  influence  of  the  fact  that  the  primary  winding 
is  distributed  over  a  ntimber  of  slots  upon  the  secondary  currents, 
in  case  of  a  secondary  having  a  much  largej  number  of  slots  than 
the  primary.  Fig.  34c  shows  the  secondary  current  for  the  same 
case  except  that  the  number  of  secondary  slots  is  assumed  to  be 
about  the  same  as  the  number  of  primary  slots.  Fig.  31  shows 
again  a  similar  case,  except  that  wide  open  slots  are  assumed  in 
the  primary  with  the  number  of  secondary  slots  much  larger 
than  the  ntmiber  of  primary  slots. 

It  is  evident  from  these  figures  that  the  secondary  currents  are 
subject  to  a  large  ntmiber  of  variations.  While,  therefore,  the 
simple  formtilas  derived  for  a  sinusoidal  primary  distribution 
may  give  a  rough  approximation  for  the  secondary  currents  in 
single-phase  machines,  it  should  be  realized  that  the  marked 
higher  harmonics  are  liable  to  increase  not  only  the  effective 
current  value  and  the  ohmic  losses,  but  may  also  cause  very 
appreciable  eddy  losses  in  the  heavy  conductors  often  employed 
in  squirrel-cage  windings,  as  wfeU  as  in  the  heavy  section  end 
rings. 

As  in  the  case  of  the  primary  currents,  the  leakage  reactance 
will  again  be  beneficial  in  reducing  the  higher  harmonics.  Both 
resistance  and  leakage  reactance  also  tend  to  decrease  the  funda- 
mental wave,  as  can  be  seen  by  comparison  of  Cases  No.  5  and 
13. 

With  slip  ring  secondaries  having  phase  belts,  the  tendency  of 
higher  harmonics  in  the  secondary  is  usually  much  smaller  than 
in  short-circuited  secondaries,  although  erratic  wave  shapes  may 
be  obtained  in  extreme  cases. 

Tertiary  Voltages  in  Phase  Converters 
The  tertiary  voltage  of  a  phase  converter  is  sinusoidal  if  the 
primary  voltage  is  sinusoidal  and  the  secondary  has  an  infinite 
ntmiber  of  phases.  In  case  of  a  short-circuited  secondary  (squir- 
rel cage)  with  a  limited  number  of  secondary  slots  the  tertiary 
voltage  has  a  step  shape  similar  to  that  shown  in  Figs.  17  and  18 
with  the  center  of  the  steps  located  on  a  sine  wave.  With  a 
distributed  tertiary  winding  of  proper  choice  of  tooth  pitch 
and  winding  distribution,  the  size  of  the  steps  can  be  reduced  so 
that  the  tertiary  voltage  approaches  more  closely  a  sine  curve. 
Neglecting  the  resistance  and  leakage  reactance,  the  tertiary 
voltage  equals  the  primary  voltage  with  equal  number  of  turns 
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if  the  secondary  has  an  infinite  number  of  slots.  With  a  limited 
number  of  slots,  the  tertiary  voltage  decreases  slightly  with  the 
number  of  secondary  slots,  as  indicated  in  curve  No.  19;  this 
influence  is  the  same  as  usually  Considered  in  connection  with 
the  zig-zag  leakage,  in  reality  it  is  here  caused  by  the  departure 
of  the  resultant  flux  from  the  sinusoidal  wave  shape.  With  the 
speed  slightly  different  from  synchronism,  the  resultant  wave 
shape  of  the  field  varies  periodically  with  the  slip  which  also 
causes  periodic  variations  in  the  higher  harmonics  of  the  tertiary 
voltage,  without,  however,  affecting  the  effective  value  of  the 
tertiary  voltage. 

The  presence  of  slot  and  end  connection  leakage  reactance 
causes  a  fiul^her  difference  between  the  primary  and  tertiary 
voltages,  in  the  same  direction  as  that  caused  by  the  zig-zag 
leakage  or  the  difference  in  wave  shape.  The  presence  of  resist- 
ance in  the  windings  not  only  affects  the  amplitude  of  the  tertiary 
voltage  as  compared  with  that  of  the  primary,  but  also  disturbs 
the  90  deg.  phase  relation  in  two-phase  converters  and  the 
corresponding  relation  in  converters  wound  for  other  numbers  of 
phases. 

General 

It  is  realized  that  the  rather  abstract  methods  used  in  this 
paper  are  not  always  best  adapted  to  explain  the  various  phe- 
nomena in  the  most  simple  manner.  It  is  obvious,  however,  that 
after  the  facts  have  been  definitely  established  by  such  methods, 
it  will  be  possible  to  work  out  other  treatments  of  the  same 
phenomena;  these  can  be  made  both  simpler  to  understand,  and 
at  the  same  time  correct,  by  keeping  continuously  the  results 
derived  from  this  and  similar  papers  in  mind.  The  various 
methods  of  assuming  fields  of  oppositely  rotating  direction  ap- 
pear to  be  especially  advantageous  in  this  connection. 

APPENDIX  I 

Fig.  6  represents  a  phase  converter  with  a  single  concentrated 
primary  coil  P  P'  and  a  single  concentrated  tertiary  coil  T  T\ 
The  rotor  is  provided  with  a  two-phase  winding  consisting  of  two 
concentrated  coils  1  and  2  displaced  90  deg.  against  each  other. 
The  current  and  fluxes  applying  to  these  coils  may  be  designated 
by  ii,  ia,  (pi  and  ^2,  respectively.  The  four  quadrants  of  the 
rotor  are  marked  -4,  5,  —  -4  and  —  5,  and  the  fluxes  carried  by 
these  quadrants  are  ^a.  ^b,  —  ^a,  —  <Pb'     The  densities  B  are 
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indicated  by  similar  subscripts.    Other  assumptions  are  similar 
to  those  in  case  of  Fig.  1.  , 

Assume  again,  that  coil  1  coincides  with  P  at  the  time  a  »  7 
we  know  that,  the  flux  of  coil  1  has  the  constant  value 

<pi=  ip  cos  y  (1) 

IT 

The  coil  2  coincides  with  P  at  a  time  —5-  earlier  than  coil  1,  at 

IT 

the  time  a  =  7 5-,  so  that  it  has  the  constant  flux  value 


(^--f)         <» 


(pt  ^  (p  cos  [  7 

For  any  value  x  =  0  to  x  =  —^    corresponding   to   the   time 

a  =  7  to  a  to  7  H 5-   we  have  the  following  equations  < 

^*  =       <Pa  +  <Pb  +  <Pc  (3) 

<pl   ^   -   <Pa  +  <Pb  +  <Pc  (4) 

(pt   -  -  (pa  —  (Pb  +  <Pc  (8) 

By  adding  (6)  and  (3),  subtracting  (4)  from  (3),  and  (5)  from 
(4),  and  by  introducing  the  values  from  (1)  and  (2),  we  find 

(pa  =  -y-  (cos  a  -  cos  7)  (6) 

<ph  =  -^(  cos  7  -  cos  (7 y  ))  (7) 

(Pc  =  -|-(cosa  +  cos(7 y))  ^®^ 

The  densities  are,  therefore, 

„  X         cos  a  —  cos  7  ,-.. 

^-'-T^ X <*^ 

jP        cos  7  -  cos  (7 5"  ) 

B»  =  4-  ^ ^ ^  (10) 


2 


cos  a  +  cos 


(-^) 


t  ^ IT —  ("> 


2   -  * 
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Under  consideration  of  the  current  directions  shown  in  Fig.  6, 
we  have  the  following  relations  for  the  currents,  assuming  that 
ffi  and  fit  are  the  numbers  of  turns  in  coil  1  and  2. 

Ba  =  Ki  (ip  ftp  -  iiUi  +  it  nt)  (12) 

Bi  =  Ki  {ip  ftp  +  iifii  +  it  fit)  (13) 

Be  =  Ki  {ip  ftp  +  ii  fix  -  ii  fit)  (14) 

By  adding  and  subtracting  these  and  introducing  the  values 
from  (9),  (10)  and  (11)  with  x  =  a  —  7  we  obtain 


Kip 


4Kifip 


Kip 
4.Kifii 


Kip 
4Kifit 


cos  a  —  cos  7 
a-  7 


cos  a  +  cos  (  7  —  "o —  ) 


-  a  +  7 


cos  7  —  cos  1  7 zr-  1 

'      \'         2  /  cos  a  -  CO 

s  7 

T             a  —  7 
2 

cos  7   cos  (7    2  ) 

IT 

2 

cos  a  +  COS  (  7 Y  ) 

] 


'*  i 

-2--«+  7 
The  tertiary  flux  is  now 
X  <p,  =Btx  +  B,  {-^  -x^-B,x-  5»(-|-  -  *) 

or  by  introducing  the  values  for  the  densities 
^''"-f-    [2«>s(7--|-) 

+  ir   (cos7-cos(7-   -f))] 
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By  determining      .^*    we  get 


«i«   -^  ^cos  7  -  cos  (7 Y-j) 


Similarly,  we  find  for  value  x  =  --^  to  x  =  x  corresponding 


to  the  time  a  =  7  H — 5—  to  a  =  7  +  tt 
<pi  =    ^j  +  V^#  +  ^/ 

ipx  ^-ipi-    ip.  +  ^/ 

^1  «    ^j  -  ^#  -  ^/ 
^j  =  -|-   ^cos  a  +  cos  (7 ^)j 

^.  =-  -y-  (cos  7  +  cos  (7 Y)) 


<Pf 


(cos  a  +  cos  7) 


cos  a  +  cos 
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T  —  X 


Bd  =  if  1  (tp  np  -  ii  «i  -  ij  nj) 
-B,  =  Xi  (ip  »p  —  ti  Wi  +  *«  W2) 
5/  =  Ki  (ip  fij,  +  iifii  +  it  fit) 
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A  PHYSICAL  CONCEPTION  OF  THE  OPERATION  OF 
THE  SINGLE-PHASE  INDUCTION  MOTOR* 


BY  B.  G.  LAMME 

Abstract  of  Paper 

This  paper  covers  a  method  of  studying  the  actions  of  the 
single-pnase  induction  motor,  which  the  wnter  has  found  to  be 
very  convenient  from  the  educational  standpoint.  It  is  based 
upon  the  assumption  of  two  equal  and  oppositely  rotating 
primary  magnetomotive  forces  combined  with  a  synchronously 
rotating  secondary  m.  m.  f.,  such  as  would  be  produced  by  direct- 
current  excitation.  It  follows  that  there  is  a  resultant  rotating 
primary  field  just  as  in  the  polyphase  motor,  while  in  the  second- 
ary there  are  two  currents,  one  of  low  frequency,  corresponding 
to  the  polyphase  motor,  and  the  other  of  nearly  double  the 
primary  frequency.  Diagrams  and  descriptions  are  given  to 
illustrate  the  magnetomotive  forces  and  mixes,  showing  how, 
among  other  conditions,  two  oppositely  rotating  fields  of  un- 
equal value  may  be  possible. 

The  next  step  is  a  consideration  of  e.  m.  f.  generation  by  two 
oppositely  rotating  fields,  showing  how  both  must  be  taken 
into  account.  The  effects  upon  the  counter  e.  m.  f.  and  excita- 
tion, of  the  reduction  or  suppression  of  one  field  is  shown.  This 
illustrates,  in  a  simple  manner,  why  the  excitation  on  single- 
phase  must  be  practically  the  same  as  on  polyphase  at  full  speed 
and  falls  to  one-half  value  at  standstill. 

The  full-load  conditions  are  next  considered.  A  comparison  is 
made  between  a  two-motor  unit,  consisting  of  two  similar  poly- 
phase motors  coupled  together  and  connected  for  opposite  rota- 
tion, and  the  straight  single-phase  induction  motor.  Various 
discrepancies  are  pointed  out  between  the  resultant  action  of 
the  two-motor  unit  and  the  single-phase.  Modifying  condi- 
tions are  then  taken  into  account  which  remove  the  discrepancies.  * 
This  is  followed  by  a  considerable  amount  of  test  data  which 
illustrate  the  principles  and  actions  described  in  the  paper. 

THE  underlying  principles  and  the  operating  characteristics 
of  the  polyphase  induction  motor  are  so  well  understood  that 
it  is  found  desirable  to  consider  the  single-phase  induction  motor, 
simply  as  a  special  case  of  the  polyphase.  On  this  basis  the 
single-phase  motor  must  be  considered  primarily  as  a  rotating- 
flux  machine. 

Starting  with  the  old  assumption  that  a  single-phase  alter- 
nating magnetic  field  may  be  considered  as  being  made  up  of  two 

♦It  should  be  understood  distinctly  that  this  paper  isnot  to  be  con- 
sidered as  a  presentation  of  new  material,  for  practically  all  of  the  under- 
lying principles  are  old  and  relatively  well  known.  It  is  simply  an  attempt 
to  describe  the  operation  of  the  single-phase  motor  in  a  way  which  will 
be  easily  understood  by  those  not  versed  in  the  mathematics  of  the  subject. 
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constant  fields,  each  of  half  the  peak  value  of  the  single-phase 
field  and  rotating  at  uniform  speed  in  opposite  directions,  then 
if  the  single-phase  flux  distribution  is  of  sine  shape  and  varies 
sinusoidally  in  value,  it  may  be  replaced,  or  represented,  by  two 
sine-shaped  fields  of  constant  value  rotating  in  opposite  direc- 
tions. This  is  the  simplest  case  and  allows  a  relatively  easy 
explanation  of  many  single-phase  problems.  However,  when 
the  flux  distribution,  or  field  form,  due  to  the  single-phase 
winding,  is  other  than  of  sine  shape,  then  the  oppositely  rotating 
components  cannot  be  considered  as  of  sine  shape,  but  will 
assume  certain  varying  forms  as  they  rotate,  the  resultant  of 
each  instantaneous  pair  always  giving  the  single-phase  field 
corresponding  to  that  instant. 

As  other  than  sine-shape  fields  tend  toward  complications  in 
the  physical  conception  of  the  single-phase  induction  motor 
actions,  and  lead  more  or  less  into  the  mathematical  conception, 
the  following  analysis  will  be  limited  essentially  to  sine-shape 
distributions. 

As  a  starting  point  and  to  show  reasons  for  certain  later 
,  analysis,  let  us  assume  a  single-phase  induction  motor  operating 
at  no-load,  full  speed,  with  its  polyphase  secondary  winding 
short-circuited.  The  single-phase  primary  field,  of  assumed  sine 
shape,  is  considered  as  made  up  of  the  two  sine-shape  equal 
components  of  constant  value,  and  of  half  the  peak  value  of  the 
single-phase  field,  and  rotating  synchronously  in  opposite  direc- 
tions. One  of  these  fields  is  traveling  in  the  same  direction  as, 
and  slightly  faster  than,  the  rotating  secondary.  The  slip  of 
the  secondary  with  respect  to  this  field  is  of  the  same  nature  as 
in  the  ordinary  polyphase  motor.  As  the  machine  is  carrying 
no  load  the  secondary  current  corresponding  to  this  rotating  field 
is  very  small,  being  just  large  enough  to  overcome  the  rotational 
losses  in  the  motor  itself,  and  its  frequency  is  equal  to  the  slip 
frequency  due  to  the  forward  field  component. 

As  there  is  an  assumed  backward  flux  or  field  component  of 
equal  value,  the  rotating  secondary  winding  cuts  this  at  almost 
double  the  frequency  of  the  line.  Stated  exactly,  the  sum  of  the 
backward  and  the  forward  frequencies,  in  the  secondary  winding, 
is  equal  to  exactly  double  the  frequency  of  the  primary  supply 
system.  The  secondary  winding  cutting  the  backward  field  at 
this  high  frequency  tends  to  generate  a  very  considerable  e.  m.  f . 
and,  with  the  winding  closed  on  itself,  short-circuit  currents^ will 
flow,  which  tend  to  damp  out  or  suppress  the  flux  which  causes 
them.     This  secondary  current  will  rise  until  its  magnetizing 
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eflfect  is  practically  equal  and  opposite  to  the  magnetomotive 
force  which  produces  the  backward  field,  which  thus  becomes 
almost  zero  in  value.  Consequently  there  are  two  distinct  sets 
of  secondary  currents  flowing,  one  of  very  small  value  and  of  a 
frequency  corresponding  to  that  of  the  forward  rotation,  and  the 
other  of  very  much  larger  value  and  of  almost  double  the  line 
frequency.  Actual  tests  of  the  secondary  circuit  of  a  single-phase 
induction  motor  at  small  load,  taken  with  an  oscillograph,  Fig. 
1,  show  both  of  these  currents  as  above  described. 

Magnetomotive  Forces  and  Magnetic  Fluxes 

It  is  seen  from  the  preceding  that,  right  at  the  beginning  of  our 
analysis,  a  new  condition  is  encountered,  namely,  the  introduc- 
tion of  a  secondary  opposing  magnetomotive  force  which  reacts 
on  one  of  the  primary  field  components  and  practically  neutral- 
izes it.  Also,  there  is  a  mixture  of  magnetomotive  forces  and 
magnetic  fields,  which  is  liable  to  lead  to  confusion.  Obviously 
the  introduction  of  the  opposing  secondary  magnetomotive  force 
rotating  synchronously  with  the  backward  component  of  the 
primary  introduces  some  entirely  new  features.  Therefore, 
before  going  any  further  with  the  above  method,  it  is  desirable 
to  set  aside  for  awhile  the  viewpoint  of  two  equal  oppositely 
rotating  fields  and  begin  with  a  preliminary  study  of  the  magneto- 
motive forces  and  the  magnetic  fields  resulting  from  them. 

It  may  be  mentioned  that  while  the  assumption  of  two  op- 
positely rotating  component  fields,  in  place  of  a  single-phase  field, 
is  well  known  and  has  been  used  quite  frequently,  the  correspond- 
ing analysis,  from  the  viewpoint  of  magnetomotive  forces,  ap- 
parently has  been  but  little  used.  When  magnetomotive  forces, 
instead  of  magnetic  fluxes,  are  considered,  then  the  single-phase 
primary  magnetomotive  force,  fixed  in  position,  can  be  replaced 
by  two  equal  components  of  constant  value,  such  as  wotild  be 
developed  by  direct  current,  each  of  half  the  peak  value  of  the 
single-phase,  and  rotating  at  synchronous  speeds  in  opposite 
directions. 

Returning  again  to  our  analysis,  let  us  consider  two  funda- 
mental magnetomotive  forces,  namely,  a  primary  single-phase 
one,  fixed  in  position  and  varying  sinusoidally  and  a  secondary 
one  of  constant  value,  of  half  the  peak  value  of  the  primary 
which  rotates  synchronously  in  one  direction  and  which  is  in 
opposition  to  the  primary  in  the  position  where  the  two  coincide. 

Let  us  assume  that  the  primary  single-phase  magnetomotive 
force  is  split  intQ  it§  twp  equal  oppositely  rotating  components, 
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then  the  "results  may  be  illustrated  as  in  Figs.  2,  3,  4,  and  5. 
In  Fig.  2,  C  and  D  represent  the  two  components  forming  the 
single-phase  magnetomotive  force  A.  At  the  position  chosen, 
C  and  D  are  of  equal  value  and  coincide  in  position  and  polarity, 
B,  which  represents  the  secondary  magnetomotive  force,  is  also 
of  half  the  peak  value  of  A,  but  is  of  opposite  polarity.  It, 
therefore,  neutralizes  one  of  the  components  C  or  D,  thus  leaving 
a  resultant  of  half  the  peak  value  of  -4 . 


Fig.  2 


Fig.  3 


In  Fig.  3,  the  component  D  has  shifted  thirty  degrees  to  the 
left,  while  C  has  shifted  an  equal  distance  to  the  right.  The 
secondary  magnetomotive  force  B  is  shifted  thirty  degrees  to  the 
left,  thus  neutralizing  D  and  leaving  only  the  component  C. 

In  Fig.  4,  D  and  B  are  shifted  sixty  degrees  to  the  left,  while  C 
is  shifted  sixty  degrees  to  the  right.  In  the  same  way,  in  Fig.  5, 
B  and  D  have  shifted  ninety  degrees  to  the  left  and  C  has  shifted 
a  corresponding  amount  to  the  right. 


Fig.  4 

Thus  from  the  above  it  is  seen  that  a  single-phase  magneto- 
motive force,  fixed  in  position  and  varying  sinusoidally,  and  a 
constant  magnetomotive  force  of  half  the  peak  value  of  the 
single-phase,  which  is  in  opposition  at  the  point  of  coincidence 
of  position,  and  which  rotates  synchronously  in  either  direction, 
will  give  a  resultant  constant  magnetomotive  force,  rotating  in 
the  opposite  direction,  but  which  is  of  the  same  polarity  as  the 
single-phase  magnetomotive  force  at  the  position  of  coincidence. 
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In  other  words,  a  single-phase  magnetomotive  force,  fixed  in 
position,  and  an  opposing  constant  one  of  half  the  peak  value 
rotating  in  either  direction,  will  give  a  restiltant  rotating  magneto- 
motive force  equivalent  to  that  of  a  polyphase  induction  motor. 

As  a  continuation  of  the  above,  the  resultant  magnetomotive 
force  C  cotild  be  replaced  by  a  magnetic  field  or  flux,  resulting 
from  such  magnetomotive  force.  If  this  magnetic  field  is 
plotted  to  the  same  scale  as  the  magnetomotive  force  which 
produces  it,  then  C,  in  Figs.  2  to  5,  can  represent  a  magnetic 
field.  This  field  will  be  constant  in  value  and  of  half  the  peak 
value  of  the  field  which  the  single-phase  magnetomotive  force 
alone  would  set  up. 

Thus  according  to  Figs.  2,  3,  4  and  5,  by  the  introduction  of  an 
"opposing**  magnetomotive  force,  equal  in  value  to  one  of  the 
component  magnetomotive  forces  of  the  single-phase  and  rotating 
synchronously  with  it,  one  of  the  two  components  of  the  mag- 
netic field  can  be  suppressed  and  only  the  other  component  left, 


Fig.  5 

the  resultant  is  thus  a  rotating  magnetic  field,  just  as  in. the 
polyphase  induction  motor. 

However,  a  further  modification  of  this  should  be  considered. 
Assuming  again,  that  the  single-phase  primary  magnetomotive 
force  is  replaced  by  its  two  equal  rotating  components,  as  in  Figs. 
2  to  5,  then  by  the  addition  of  an  opposing  magnetomotive  force, 
similar  to  B  in  the  same  figures,  but  of  less  value  than  the  com- 
ponent D,  then  the  resultant  of  this  opposing  magnetomotive 
force  and  the  component  P  is  a  reduced  magnetomotive  force 
of  the^ame  polarity  as  D.  There  will  then  remain  two  magneto- 
motive forces,  each  of  constant  value,  one  of  half  the  peak 
value  of  A  and  the  other  of  some  smaller  value,  depending  upon 
the  opposing  force  B.  These  two  rotating  magnetomotive 
forces  can,  therefore,  set  up  two  oppositely  rotating  fields  of 
unequal  value.     These  are  illustrated  in  Figs.  6,  7  and  8. 

In  Fig.  6,  B  is  assimied  at  some  less  value  than  the  component 
D.     The  restiltant  of  D  and  B  is  shown  as  £.     Therefore,  at  this 
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portion  C  and  E  represent  the  two  resultant  magnetomotive 
forces  and  the  two  component  fields.  In  Fig.  7,  the  conditions 
are  shown  for  thirty  degrees  shift  and  here  again  E  and  C  repre- 
sent the  two  fields.     In  Fig.  8  the  shift  is  for  sixty  degrees. 

Thus  by  the  introduction  of  a  constant  ''opposing"  magneto- 
motive force  of  less  than  either  of  the  components  of  the  single 
phase,  two  oppositely  rotating  fields  of  unequal  value  may  be 
set  up.  As  extreme  cases  of  this,  if  the  constant  opposing  mag- 
netomotive force  is  made  zero  in  value,  the  magnetic  field  corres- 
ponding to  its  position  and  rotation  will  rise  to  the  full  value  of 
the  oppositely  rotating  field;  and,  on  the  other  hand,  if  the 
constant  opposing  magnetomotive  force  is  made  half  the  peak 
value  of  the  single  phase,  the  correspondingly  rotating  field 
becomes  zero.  Both  of  these  cases  are  in  accordance  with  the 
earlier  assumptions. 

The  above  conditions  of  the  single-phase  primary  magneto- 
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motive  force  and  a  constant  secondary  one,  in  opposition,  which 
may  be  of  half  the  peak  value,  or  some  less  value  down  to  zero, 
and  which  rotates  synchronously  in  one  direction,  restilting  in  two 
magnetic  fields  which  may  be  of  equal  or  unequal  value,  and 
which  rotate  synchronously  in  opposite  directions,  all  form 
essential  parts  in  the  physical  conception  or  visualization  of  the 
actions  of  the  single-phase  motor  which  will  be  given  below. 

It  should  be  observed  that  in  the  above  method  of  considering 
the  production  of  a  rotating  field  in  the  single-phase  ihduction 
motor,  the  two  primary  components  of  the  single-phase  magneto- 
motive force  and  the  secondary  damping  magnetomotive  force 
all  rotate  synchronously,  and  such  rotation  is  independent  of  the 
speed  of  the  secondary  core.  In  some  methods  of  considering  the 
single-phase  induction  motor  problem,  the  single-phase  primary 
winding  is  assumed  to  generate  a  magnetomotive  force  in  the 
secondary  which,  by  rotation  of  the  core,  is  carried  around  until 
it  generates  a  second  magnetic  field  or  flux  at  right  angles  to  the 
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original  primary  flux,  thus  giving  the  equivalent  of  a  polyphftee 
magnetic  field.  However,  the  above  method  does  not  involve 
such  method  of  treatment. 

It  should  also  be  recognized  that  the  foregoing  analysis  only 
covers  no-load  conditions  and  that  with  the  addition  of  load  new 
conditions  are  brought  into  the  problem.  These,  however, 
will  be  brought  out  later,  for  the  no-load  conditions  require 
further  consideration,  especially  as  regards  the  generation  of  the 
primary  counter  e.  m.  f.  by  the  above  described  rotating  fields. 
As  already  shown,  there  may  be  a  single  magnetic  field  rotating 
synchronously,  or  there  may  be  two  component  fields  of  equal 
value  rotating  in  opposite  directions,  or  there  may  be  inter- 
mediate conditions  of  oppositely  rotating  fields  of  unequal  value, 
depending  upon  the  value  of  the  damping  or  opposing  secondary 
magnetomotive  force. 


Pig.  8 

Counter  E.  M.  F.  Generation  and  Excitation 
Considering  next  the  counter  e.  m.  f .  generated  in  the  primary, 
we  should  first  look  into  the  e.  m.  f.  conditions  produced  by  two 
oppositely  rotating  fields  of  equal  values.  If  the  secondary 
circuits  are  open,  the  two  component  fields  are  both  present  and 
are  concerned  in  the  generation  of  the  counter  e.  m.  f.  This  is 
true  whether  the  secondary  is  stationary  or  is  rotated  at  full 
speed.  If,  however,  the  secondary  is  closed  upon  itself,  then 
when  running  at  speed,  one  of  the  component  fields  is  practically 
damped  out  and  the  other  must  generate  the  entire  primary 
counter  e.  m.  f.  Thus,  two  entirely  different  conditions  are 
encountered,  depending  upon  whether  the  secondary  is  open  or 
closed.  To  explain  this  properly,  some  further  analysis  is  re- 
quired, as  follows: 

In  the  first  place,  it  may  be  stated  that  the  e.  m.  f.,  produced 
in  the  primary  winding  by  cutting  its  two  component  fields,  is  the 
same  as  that  generated  by  the  single-phase  sine-shape  field, 
varying  sinusoidally  and  acting  on  the  primary  winding  as  in  a 
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transformer.  Herein  lies  a  simple  illustration  of  the  equivalence 
of  the  transformer  and  the  flux  cutting  methods  for  calculating 
e.  m.  fs.  In  Figs.  9,  10  and  11,  are  shown  several  positions  of 
the  two  oppositely  rotating  fields  and  their  relation  to  the 
primary  winding. 

In  Fig.  9  is  shown  the  magnetic  flux,  or  field,  A ,  which  is  set 
up  by  a  primary  winding  a.     This  winding,  of  course,  would 
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require  a  tapered  distribution  to  give  such  a  field.  This  is 
mentioned  incidentally  as  it  has  no  direct  bearing  upon  the 
explanation,  except  from  the  mathematical  standpoint. 

Assiuning  the  single-phase  field  at  its  maximum  or  peak  value, 
then,  at  this  instant,  the  two  component  fields,  B  and  C,  each 
of  half  the  peak  value,  will  coincide  both  in  position  and  polarity. 
From  the  transformer  method  of  calculation,  the  e.  m.  f .  gener- 
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ated  at  this  instant,  in  the  winding,  will  be  zero,  as  the  rate  of 
change  of  the  flux  is  zero.  Also  from  the  flux  cutting  method, 
the  e.  m.  f.  in  the  primary  winding  will  be  zero,  for,  as  is  evident 
from  the  figure,  each  belt  or  group  of  the  primary  winding  is 
'cutting  fields  which  have  equal  positive  and  negative  areas  or 
values. 

Considering  next  the  conditions  in  Fig.  10,  in  which  the  two 
rotating  components  have  traveled  ninety  degrees.     The  fields 
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are  shown  as  B  and  C.  It  is  evident  that  the  resultant  of  these 
two  fields  is  zero  in  value,  that  is,  the  single-phase  field  is  passing 
through  its  zero  value,  and,  accordingly,  is  generating  the  maxi- 
mum e.  m.  f.  by  the  transformer  method.  Also,  considering 
component  B  of  the  rotating  fields,  obviously,  by  the  cutting 
method  it  is  generating  maximiun  e.  m.  f .  in  the  winding  a.  Also, 
component  C  is  generating  maximum  e.  m.  f.  in  winding  a. 
However,  as  one  of  these  fields  is  positive  in  this  position  and  is 
traveling  in  one  direction,  while  the  other  field  is  negative  and  is 
rotating  in  the  opposite  direction,  the  two  e.  m.  fs.  will  be  in  the 
same  direction,  and  thus  will  be  added.  Thus,  from  the  figure, 
this  position  will  give  the  maximum  e.  m.  f.  in  the  winding  by 
the  cutting  method.  It  can  be  shown  by  calculation  that  this 
maximum  value  is  the  same  with  either  the  cutting  or  the  trans- 
former methods  of  considering  e.  m.  f.  generation. 

This  shows  that  both  of  the  component  fluxes  must  be  taken 


Fig.  11 

into  account  in  generating  the  total  primary  e.  m.  f.,  and  if  either 
component  is  decreased  in  value  or  suppressed,  the  total  e.  m.  f. 
generated  in  the  winding  will  be  decreased  correspondingly, 
unless  the  other  component  is  increased  a  corresponding  amount. 

Fig.  11  is  simply  a  continuation  of  the  conditions  of  Figs.  9 
and  10,  in  showing  an  intermediate  position  of  the  component 
field.  The  result  is  the  same  as  if  the  two  fields  were  momen- 
tarily replaced  by  the  field  D. 

According  to  the  above  analysis,  to  produce  a  given  counter 
e.  m.  f .  in  the  primary,  with  one  of  the  component  fields  damped 
out,  the  other  component  must  be  doubled  in  value.  It  was 
shown  before  that  in  the  single- phase  induction  motor,  running 
at  full  speed  with  no  load,  the  backward  field  is  practically 
damped  out  by  the  secondary  current.  Thus  with  only  the 
forward  component  field  remaining,  either  the  counter  e.  m.  f . 
will  be  halved  or  the  forward  flux  component  must  be  doubled, 
the  latter  being  the  case.     This  means,  in  turn,  that  the  primary 
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magnetomotive  force  must  be  doubled  in  value.  In  other  words, 
suppressing  one  of  the  two  rotating  field  components  results 
in  doubling  the  no-load  excitation  of  the  motor.  Furthermore, 
doubling  the  magnetomotive  force  of  the  primary  and  thus  doub- 
ling the  forward  component  of  the  field  also  doubles  the 
backward  component,  which,  in  turn,  is  suppressed  by  doubled 
secondary  current.  The  above  conditions  of  doubled  excitation 
is  on  the  basis  of  sine  flux  distribution.  With  other  distributions 
the  same  result  holds  approximately,  but  not  exactly,  due  to 
conditions  involving  the  shape  of  the  field. 

It  is  evident  from  the  above  that,  with  the  secondary  circuits 
open,  the  excitation  required  is  of  constant  value  regardless  of 
the  speed  of  the  rotor  core  and  windings;  also  when  running  at 
speed,  the  primary  excitation  is  doubled  as  soon  as  the  secondary 
circuit  is  closed.  However,  it  is  not  obvious,  on  first  considera- 
tion, that  even  with  the  secondary  circuits  closed  the  primary 
excitation  falls  to  half  the  full  speed  value,  when  the  motor  is 
brought  to  standstill.  This  involves  load  conditions  which  will 
be  treated  later,  but  nevertheless  this  featiu-e  may  be  brought 
out  at  this  time.  The  explanation  lies  in  the  fact  that  at  rotor 
standstill  the  damping  action  of  the  secondary  current  will  be 
exerted  equally  *on  both  the  forward  and  backward  components 
of  the  primary  field,  so  that  necessarily  these  must  be  maintained 
at  equal  value,  and,  by  the  above  analysis,  this  requires  but  half 
the  excitation,  compared  with  the  no-load  full-speed  condition 
where  the  backward  field  is  practically  completely  suppressed. 

Load  Conditions 
When  the  single-phase  induction  motor  is  loaded,  the  total 
input  current  can  be  considered  as  made  up  of  two  components, 
namely,  the  no-load  (practically  all  magnetizing)  and  the  load 
current.  This  latter  is  simply  the  increased  current  in  the  pri- 
mary due  to  the  load  and  does  not  entirely  represent  energy. 
This  load  current,  being  single-phase,  may  be  represented  by  two 
equal  oppositely  rotating  magnetomotive  forces  in  the  primary 
of  the  motor,  just  as  in  the  case  of  the  no-load  current.  The 
fields  which  these  two  magnetomotive  forces  tend  to  set  up  are 
both  practically  suppressed  by  two  equivalent  secondary  mag- 
netomotive forces  rotating  in  opposite  directions.  The  forward 
secondary  component  corresponds  to  the  secondary  load  mag- 
netomotive force  in  the  polyphase  motor  and  the  interaction 
between  this  magnetomotive  force  and  the  forward  primary  field 
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develops  torque  just  as  in  the  polyphase  motor.  The  backward 
cx)mponent,  at  first  thought,  would  appear  to  develop  an  opposing 
torque,  corresponding  in  value  to  that  of  the  polyphase  motor  at 
approximately  200  per  cent  slip.  This,  however,  is  not  the  case, 
for  at  this  slip  the  ordinary  polyphase  motor  takes  an  excessive 
primary  current  tending  to  develop  a  large  magnetic  field,  which 
is  suppressed  by  a  correspondingly  large  secondary  magneto- 
motive force.  In  the  single-phase  induction  motor,  however, 
the  primary  backward  rotating  magnetomotive  force  component, 
due  to  the  load  current,  can  be  only  of  the  same  value  as  the 
forward.  This  fact  must  be  borne  in  mind  as  it  is  a  very  import- 
ant factor  in  the  later  analysis. 

To  illustrate  the  characteristics  of  the  single-phase  induction 
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motor,  it  may  be  compared  with  the  action  of  two  polyphase 
induction  motors  rigidly  coupled  together,  and  connected  to  the 
line  to  give  opposite  rotations.  Such  a  set  or  unit  has  certain 
characteristics  which  are  so  similar  to  those  of  the  usual  single- 
phase  induction  motor  that  on  first  consideration  one  would 
assume  them  to  be  identical.  However,  a  more  careful  study  of 
the  individual  operating  conditions  shows  that  the  similarity 
is  only  a  general  one,  and  a  number  of  decided  discrepancies  are 
found. 

The  characteristics  of  the  above  two-motor  unit  and  the  single- 
phase  motor  may  be  compared  as  follows: 

(1)  ■  The  speed  torque  characteristics  of  the  two  motors  of  the 
polyphase  unit  may  be  represented  by  A  and  B  in  Fig.  12  and 
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their  resultant  by  curve  C.  According  to  this  latter  curve,  the 
resultant  torque  is  zero  at  standstill,  and  a  slight  change  in  speed 
in  either  direction  will  give  an  effective  torque  tending  to  speed 
up  the  unit  in  whichever  way  it  is  started.  This,  therefore, 
corresponds  to  the  well  known  starting  characteristics  of  the 
single-phase  motor. 

(2)  It  may  also  be  seen  that  the  maximum  torque  the  unit 
develops  is  materially  less  than  that  of  either  of  the  two  com- 
ponent motors.  This  fact  is  also  consistent  with  single-phase 
motor  operation  compared  with  the  same  machine  on  poly- 
phase. 

(3)  At  full  speed,  according  to  this  resultant  curve,  the  slip 
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Fig.  13 

for  a  given  torque  is  very  much  larger  than  that  of  the  corre- 
sponding polyphase  motor.  This  is  not  true  of  the  single-phase 
motor  and  herein  lies  one  of  the  discrepancies  in  this  method  of 
illustrating  the  operation. 

(4)  It  is  well  known  that  in  the  polyphase  motor  the  maxi- 
mum torque  it  can  develop,  with  constant  voltage  applied,  is 
independent  of  the  secondary  resistance;  while,  in  the  single- 
phase  motor,  in  general,  an  increase  in  the  secondary  resistance 
will  decrease  the  maximum  torque  and  a  decrease  will  have  the 
opposite  effect.  This  may  be  illustrated  by  repeating  the  curves 
of  Fig.  12  with  modified  secondary  resistance  in  the  two  com- 
ponent motors.  In  Fig.  13  the  secondary  resistance  is  increased 
and  in  Fig.  14  is  decreased  relatively  to  that  of  Fig.  12.     The 
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resultant  speed-torque  curves  for  the  three  figures  show  that  the 
maximum  torques  are  materially  affected  by  the  secondary  re- 
sistance. The  same  holds  true  for  the  single-phase  induction 
motor. 

0 
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TORQUE 

Fig.  14 


(5)  However,  this  method  of  illustrating  the  characteristics 
of  the  single-phase  motor  torque  fails  when  the  condition  of 
secondary  resistance  is  such  that  the  maximtun  polyphase  torque 
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Fig.  15 


is  developed  at  about  100  per  cent  slip.  Fig.  15  illustrates  this. 
From  this  speed-torque  curve  it  appears  that  the  unit  has  a  very 
low  resultant  torque,  but  this  is  not  the  case  in  the  single-phase 
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induction  motor,  for  with  a  polyphase  motor  developing  its 
maximtun  torque  at  100  per  cent  slip,  the  same  machine  on  single- 
phase  will  give  a  very  considerable  maximum  torque.  Here 
again  is  a  discrepancy  which  the  assumed  equivalent  arrange- 
ment does  not  cover  properly. 

(6)  In  Fig.  16,  the  ctirrent-torque  curve  D,  fgr  the  component 
motors  in  the  above  figures,  is  shown.  This  indicates  plainly 
what  a  wide  discrepancy  there  is  between  the  currents  taken  by 
the  primaries  of  the  two  motors  when  running  at  speed.  For 
example,  at  a  given  speed  a,  the  current  taken  by  the  forward 
rotating  motor  is  ft,  while  c  represents  the  current  taken  by  the 
backward  motor.  Obviously,  the  current  taken  from  the  line, 
which  is  the  resultant  of  b  and  c,  is  much  greater  than  that  re- 
quired to  produce  the  resultant  torque  and  the  power  factor  of 
such  a  unit  must  necessarily  be  very  poor.  However,  such  is  not 
the  case  with  the  single-phase 
motor,  for  the  inputs  and  the 
power  factors  are  not  greatly 
different  from  those  of  polyphase 
motors  of  the  same  capacity. 
Herein  lies  a  radical  difference  S 
between  the  single-phase  motor  j 
and  the  above  assumed  unit. 

(7)  Another  difference  be- 
tween such  a  unit  and  the  true 
single-phase  motor  lies  in  the 
no-load  or  magnetizing  input. 
Obviously,  the  combined  magnetizing  components  for  the  two 
motors  will  be  twice  as  great  as  for  a  single  machine,  whereas, 
in  the  single-phase  motor  the  magnetizing  input  is  practically  the 
same  as  in  the  corresponding  polyphase  machine.  Here  is 
another  pronounced  discrepancy. 

It  is  evident  from  the  above  that  while  this  method  of  illus- 
trating the  action  of  the  single-phase  motor  by  means  of  two 
polyphase  motors,  coupled  for  opposite  rotation,  is  in  the  right 
direction,  some  special  modifying  conditions  must  be  introduced 
to  account  for  the  discrepancies.  The  action  of  this  two-motor 
unit,  therefore,  will  be  followed  up  further,  with  the  introduction 
of  certain  modifications  derived  primarily  from  consideration  of 
certain  characteristics  of  the  single-phase  induction  motor  itself. 

In  the  first  place,  curves  A ,  B  and  C  of  Fig.  12  were  based  upon 
equal  and  constant  e.  m.  fs.  applied  to  the  terminals  of  both 
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motors.  That  this  is  not  a  correct  assumption  can  be  deter- 
mined from  the  operating  conditions  in  the  single-phase  motor. 
From  the  analysis  of  the  component  rotating  fields  it  was  shown 
that  at  full  speed  the  backward  component  was  practically 
damped  out  by  a  secondary  magnetomotive  force,  thus  leaving 
only  the  forward  component,  which  then  rose  to  practically 
double  value  in  order  to  generate  the  required  e.  m.  f .  However, 
at  standstill,  the  secondary  winding  holds  the  same  rotational 
relation  with  respect  to  both  component  fields  and,  therefore, 
neither  field  can  be  damped  out  more  than  the  other.  Conse- 
quently, at  standstill,  both  component  fields  are  equal  in  value 
and  the  counter  e.  m.  f.  of  the  primary  is  generated  by  the  two 
oppositely  rotating  fields,  instead  of  a  single  one  of  double  value 
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as  is  the  case  at  full  speed.  Therefore,  at  standstill,  the  forward 
field  is  of  only  half  the  value  of  the  full  speed  field.  This  corre- 
sponds to  the  operation  of  the  polyphase  motor  at  half  field 
strength,  that  is,  with  half  the  primary  voltage  applied^,  thus  re- 
quiring one-quarter  the  magnetizing  input.  The  same  voltage 
condition  applies  also  for  the  backward  component  at  zero  speed. 
It  would  appear,  therefore,  that  in  the  unit  composed  of  two 
polyphase  motors  coupled  together,  the  voltage  applied  to  the 
terminals  of  the  forward  motor  should  be  at  practically  full  value 
at  synchronous  speed  and  should  fall  to  half  value  at  standstill 
or  100  per  cent  slip,  and  should  have  practically  zero  value  at 
200  per  cent  slip.  Then  assuming,  as  a  first  approximation, 
that  the  decrease  in  voltage  from  full  speed  to  200  per^cent'slip 
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is  a  straight  line  law,  new  speed-torque  curves,  corresponding  to 
Fig.  13,  but  with  the  torques  decreasing  as  the  square  of  the 
voltage,  can  be  illustrated  as  in  Fig.  17.  Here  curves  A  and  B 
correspond  to  Fig.  12,  while  D  and  E  correspond  to  the  above 
proportionate  reductions  in  voltage.  The  resultant  F  of  these 
latter  curves  is  also  shown. 

This  new  resultant  F  is  similar  in  general  shape  to  C  of  Fig.  12, 
but  indicates  some  quite  different  characteristics.  For  instance, 
at  the  higher  speed  values  it  coincides  quite  closely  with  the 
polyphase  speed-torque  curve,  which  is  actually  the  case  in  the 
single-phase  motor.  In  the  second  place,  with  high  secondary 
resistance,  as  shown  in  Fig.  15,  the  speed-torque  curves  are 
modified  as  in  Fig.  18,  which  shows  both  the  former  characteristic 
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and  the  new  one.  Here  the  resultant  torque,  under  the  new 
assumption  is  materially  higher  and  more  nearly  conforms  with 
the  condition  in  the  single-phase  motor. 

Under  the  earlier  assumption  of  constant  voltage  on  both 
motors,  it  was  shown  that  the  magnetizing  current  would  be 
twice  as  great  as  in  the  single-phase  motor.  On  this  new  assump- 
tion, however,  at  full  speed,  with  practically  full  voltage  on  one 
motor  and  zero  voltage  on  the  other,  the  total  magnetizing  cur- 
rent will  be  only  half  as  great,  and  will  approximate  that  of  one 
motor  alone,  and,  therefore,  that  of  the  single-phase  motor. 

Furthermore,  under  the  new  assumption,  the  current  taken 
by  the  primary  of  the  backwardly  rotating  motor  is  quite  small 
at  high  speed  and,  therefore,  the  resultant  current  taken  from  the 
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line  is  not  excessive  and  is  more  nearly  consistent  with  actual 
single-phase  motor  conditions. 

Thus,  with  this  new  condition  of  reduced  terminal  voltage  with 
reduction  in  speed,  practically  all  the  conditions  of  the  single- 
phase  motor  are  met,  except  possibly  from  the  quantitative  view- 
point. The  two-motor  combination  thus  serves  as  a  very  good 
illustration.  There  is,  however,  one  further  condition  which 
must  be  rigidly  met  if  the  new  ciur^es  are  to  be  reasonably  exact, 
namely,  the  primary  currents  taken  by  the  two  motors  must  be  equal, 
for,  as  shown  in  the  early  part  of  this  analysis,  the  forward  and 
backward  rotating  components  of  the  primary  cturent  in  the 
single-phase  induction  motor  are  equal  at  all  times.  Conse- 
quently to  duplicate  this  condition,  the  primary  e.  m.  fs.  im- 
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pressed  upon  the  terminals  of  the  two  polyphase  motors  should 
be  varied  in  such  a  way  that  the  primary  ciu'rents  will  always  be 
equal.  In  addition,  it  is  assumed  that  the  sum  of  the  two  im- 
pressed voltages  is  constant.  This,  however,  is  only  an  approxi- 
mation. 

The  next  step  is  to  determine  what  is  the  actual  law  of  voltage 
variation  which  will  satisfy  the  above  conditions  of  current  and 
voltage.  A  ready  means  for  obtaining  this  lies  in  the  speed- 
torque  and  current-torque  curves  of  the  polyphase  motor  at 
constant  voltage.  From  the  current-torque  curve  at  constant 
voltage  corresponding  curves  for  any  other  voltage  can  readily 
be  plotted  by  varying  the  abscissas  as  the  square  of  the  voltage 
and  the  ordinates  directly  as  the  voltage.  This  is  illustrated  in 
Pig.  19.     Here  A  is  the  pol3rphase  motor  speed-torque  curve  at 
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constant  voltage.  B  represents  the  part  below  the  100  per  cent 
slip  line,  but  turned  above  the  zero  speed  line  for  convenience. 
B  can  also  be  considered  as  the  back  torque  at  full  voltage,  but 
thrown  to  the  right  of  the  zero  torque  line  for  convenience. 
Curve  C  represents  the  primary  current  for  full  voltage  condi- 
tions. Then  at  a  speed  a,  for  example,  the  primary  currents 
corresponding  to  the  forward  and  back  torque  will  be  b  and  c 
respectively. 

Assume  next  that  the  voltage  is  halved  for  both  rotations,  then 
the  new  speed-torque  curves  will  be  Ai  and  Bi  in  which  the  tor- 
ques are  reduced  as  the  square  of  the  voltage.  The  new  current 
curve  will  be  Ci.  The  currents  for  speed  a  will  now  be  b\  and 
Ci,  or  half  of  b  and  c,  as  they  are  varied  as  the  voltage. 

The  above  figure  is  simply  to  illustrate  the  rule  for  variation 
of  the  primary  current  with  the  voltage,  in  the  polyphase  motor, 
and  does  not  represent  the  actual  conditions  which  we  are  after; 
for  in  the  above  the  voltage  reductions  are  the  same  for  both  the 
forward  and  the  back  torques.  But,  according  to  our  former 
analysis,  this  condition  of  equal  voltages,  for  the  two  rotations, 
holds  only  for  the  100  per  cent  slip  point.  For  other  speeds  the 
two  voltages  are  reduced  unequally,  but  with  the  sum  of  the  two 
approximately  constant  according  to  the  assumptions. 

If,  for  any  speed  a,  we  let  x  represent  the  percentage  of  voltage 
reduction  for  the  forward  torque,  then  \  —  x  will  represent  the 
corresponding  reduction  for  the  back  torque.  Let  //  be  the 
primary  current,  corresponding  to  thfe  forward  torque  for  this 
speed  at  full  voltage,  and  h  the  current  for  the  back  torque  at 
the  same  speed  and  also  for  full  voltage.  Then  IfX  will  represent 
the  primary  current  at  the  reduced  voltage  for  the  forward 
rotation  and  hil  —  x)  will  be  the  primary  current  for  the  back 
rotation.  One  of  the  conditions  of  our  two-motor  unit,  to  make 
it  correspond  with  the  single-phase  motor,  is  that  these  two 
primary  currents  must  be  equal.  Therefore,  IfX  =  /b  (1  —  ar), 
and 

^  ^  ~f — TT"  ^^^  (1  ~  ^)  = 


//  +  h  '  '         If  +  h' 

The  above  allows  the  determination  of  the  percentage  x  of 
full  voltage  which  must  apply  for  each  speed  between  zero  and 
synchronism,  when  the  values  of  the  current  //  and  h  for  full 
voltage  are  known. 

A  second  method  of  determining  the  percentages  of  voltage 
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for  the  two  rotations  is  available  when  the  speed-torque  curve 
of  the  motor  on  single-phase  has  been  determined,  by  test  or 
otherwise.  By  our  former  assumption  this  single-phase  torque 
is  the  difference  between  the  speed-torque  curves  for  the  forward 
and  backward  rotations  with  the  respective  voltages  reduced 
the  proper  percentages.  These  torques  for  any  given  speed  vary 
as  the  square  of  the  terminal  voltage.  For  example,  calling  7/ 
the  forward  torque,  at  full  voltage  and  speed  a,  and  Tt  the  back 
torque,  and  Ti  the  single-phase  torque  for  the  same  voltage  and 
speed,  then  T/x^  —  T^  (1  —  x)*  =  Tu  from  which  x  may  be 
determined,  with  7/,  Tb  and  Ti  known. 

It  would  appear  from  the  preceding  that,  if  the  asstunptions 
made  are  anyways  close  to  the  actual  conditions,  this  method  of 
analysis  shows  an  approximate  means  for  deriving  the  single-phase 
speed-torque  curve  from  the  polyphase  curves  of  the  same  ma- 
chine. Methods  of  calculating  the  primary  current  and  speed- 
torque  characteristics  of  the  polyphase  motor  have  been  developed 
quite  completely,  so  that  it  is  not  necessary  at  this  place  to  give 
any  details  of  such  methods.  The  accuracy  of  the  methods  for  cal- 
culating the  polyphase  curves  depends  almost  entirely  upon  the 
correct  determination  of  the  reactance  and  saturation  constants. 
All  methods  for  the  direct  determination  of  the  single-phase 
speed-torque  characteristics  also  involve  the  use  of  corresponding 
reactance  and  saturation  constants.  Therefore,  the  above 
method  brings  in  no  new  and  more  difficult  conditions.  The 
primary  object  of  this  paper,  however,  is  not  to  develop  a  new 
method  of  calculation,  but  simply  to  give  a  better  conception  of 
the  close  relation  of  the  single-phase  and  polyphase  characteris- 
tics. 

After  development  of  the  above  method,  an  attempt  was  made 
to  check  it  by  applying  certain  existing  test  data,  but  without 
positive  results,  although  the  indications  were  quite  satisfactory. 
It  was  discovered  that  in  all  the  existing  test  data  at  the  writer's 
command,  where  the  polyphase  speed-torque  and  current- 
torque  curves  have  been  obtained  by  actual  test,  constancy  of 
temperatiu-e  had  been  more  or  less  disregarded.  The  effect  of 
change  in  the  secondary  resistance  on  the  polyphase  speed- 
torque  curve  is  to  change  the  slips  but  not  the  maximum  torque. 
The  difficulty,  however,  in  the  polyphase  tests  available  was  that 
apparently  the  resistance  had  varied  very  considerably  during 
the  tests,  especially  at  the  points  of  high  slip,  where  the  second- 
ary losses  were  very  large.     As  a  result  the  speed-torque  curves 
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corresponded  to  those  of  motors  in  which  the  resistance  increased 
as  the  load  and  slip  increased.  As  a  consequence,  the  torques 
below  the  zero  speed  line  were  considerably  too  large,  which 
meant  that  in  applying  these  curves  to  the  above  method,  the 
back  torques  were  prestmiably  entirely  too  great,  thus  apparently 
introducing  errors  in  the  derivation  of  the  resultant  single-phase 
curve. 

The  effect  of  these  discrepancies  are  shown  in  Fig.  20.  Here, 
A  shows  the  speed-torque  curve  as  it  should  be  at  constant  tem- 
perature, whereas,  B  shows  the  curve  with  the  resistance  of  the 
secondary  increasing  with  increased  slip.  The  corresponding 
current-torque  ctirves  are  also  shown.  A  consideration  of  these 
curves  would  seem  to  indicate 
that  the  resultant  single-phase 
curves  derived  from  A  and  B 
should  differ  somewhat. 

It  was  then  decided  to  make 
a  more  accurate  set  of  tests  on  a 
10-h.p.,  60-cycle  four-pole,  three- 
phase    motor    of    the    wotmd- ' 
secondary    type,    so    that    the  t 
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secondary  resistance  could  beo 
varied  if  so  desired.  It  was  also  J^ 
decided  to  obtain  a  test  with  two  ^^° 
similar  motors  rigidly  coupled 
together,  with  their  individual 
primary  windings  in  series,  but 
with  their  secondaries  indepen- 
dent. As  already  explained,  the 
theory  of  the  foregoing  method 
calls  for  equal  currents  in  the  two  oppositely  rotating  fields.  This 
condition  is  automatically  obtained  by  coupling  two  primaries  in 
series  with  each  other.*  With  this  arrangement,  if  the  power 
factors  of  the  two  motors  were  always  equal,  then  it  should  be 
equivalent  to  the  method  already  described.  However,  these  are 
practically  never  equal  except  at  the  standstill  position,  although 
an  analysis  of  the  problem  shows  that  the  two  primary  voltages, 
with  this  series  arrangement,  are  not  greatly  out  of  phase  with 
each  other  over  a  very  large  part  of  the  working  range.     The 

*In  reviewing  an  early  draft  of  this  paper,  this  suggestion,  with  a 
number  of  other  most  excellent  ones,  was  made  by  Mr.  R.  £.  Hellmund 
However,  it  developed  later  that  this  same  suggestion  appeared  about 
twenty  years  ago  in  Mr.  B.  A*  Behrend's  book,  "The  Induction  Motor." 
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writer  has  not  yet  sufficiently  analyzed  the  series  arrangement 
to  be  stire  that  it  exactly  represents  all  the  conditions  of  the 
two  rotating  fields  in  the  single-phase  motor,  but  is  inclined  to 
think  that  such  is  the  case.  However,  the  approximate  method 
developed  in  this  paper  lends  itself  so  readily  to  calculation,  that 
it  was  considered  worth  while  to  check  it  up  carefully  by  test 
to  see  what  degree  of  accuracy  could  be  obtained. 
The  following  series  of  tests  was  planned: 

(1)  Three-phase  speed-torque  and  primary  ciu'rent  curves 
at  220  volts  with  one  motor  alone,  with  its  secondary  short- 
circuited  on  itself. 

(2)  Single-phase  speed-torque  and  primary  current  curves  on 
the  same  motor  as  (1)  at  220  volts  and  with  the  secondary 
short-circuited  on  itself. 

(3)  Three-phase  speed-torque  and  primary  current  curves  on 
the  same  motor  and  at  same  voltage,  but  with  external  resistance 
in  the  secondary  circuits. 

(4)  Single-phase  speed-torque  curves  under  same  conditions 
as  (3). 

(5)  Speed-torque  and  primary  current  curves  with  two  similar 
motors  with  their  primary  windings  coupled  in  series,  and  with 
the  secondaries  independently  short-circuited  on  themselves,  one 
of  these  motors  to  be  that  used  in  tests  (1)  and  (4). 

(6)  Similar  tests  to  (5),  but  with  resistance  in  the  secondaries 
as  in  (3). 

In  canying  out  these  tests,  the  torque  was  measured  by  a 
special  dynamometer  brake,  the  power  absorbing  element  of 
which  consists  of  a  special  separately-excited  direct-current 
machine.  Below  zero  speed,  power  was  supplied  to  the  direct- 
current  machine  in  order  to  obtain  negative  rotation. 

Difficulties  in  obtaining  consistent  tests,  especially  at  negative 
speeds,  soon  developed,  due  to  variations  in  temperattu-e.  With 
the  very  heavy  currents  at  low  and  at  negative  speeds,  the 
motor  would  heat  so  rapidly  that  all  kinds  of  speed-torque 
readings  could  be  obtained.  Test  after  test  was  made  and  while 
these  would  agree  very  well  for  the  higher  speed  points  where 
the  heating  was  small,  they  showed  all  kinds  of  inconsistencies 
for  the  negative  speeds,  in  particular.  The  currents  for  these 
speeds  also  showed  very  wide  discrepancies.  Eventually  it 
was  found  that  those  tests  taken  with  extreme  rapidity,  and 
which  covered  only  a  comparatively  small  nimiber  of  points, 
would  plot  in  quite  reasonable  curves  above  zero  speed,  so  that 
the  writer  was  enabled  thus  to  obtain  quite  consistent  ctuves 
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for  both  torque  and  current  between  1800  rev.  per  min.  and 
standstill.  Not  only  were  the  curves,  consistent  in  themselves 
but  those  taken  with  different  secondary  resistances  were  fairly 
consistent  with  each  other.  It  then  remained  to  obtain  rea- 
sonable readings  for  the  negative  speeds.  Obviously  it  was 
wrong  to  take  a  large  number  of  test  points  and  then  draw 
an  average  curve  through  them,  for  it  is  evident  that  the  er- 
rors, due  to  heating,  tend  to  throw  the  torques  and  currents 
to  one  side  of  the  proper  curves.  Consequently  the  correct 
curves  shotdd  really  be  boundary  lines  rather  than  averages.  It 
was  noted,  in  particular,  that  heating  did  not  appear  to  affect 
the  speed  to  the  same  extent  as  the  torque  at  very  large  slips, 
and,  consequently,  by  plotting  the  ctirrent  in  terms  of  speed 
rather  than  torque,  less  erratic  curves  were  obtainable,  and  it 
was  possible  to  plot  speed-cturent  curves  which  were  quite  con- 
sistent for  the  different  conditions  of  secondary  resistance. 
Furthermore,  from  the  speed-torque  and  speed-current  curves 
above  the  zero  line,  which  appeared  to  be  reasonably  correct, 
as  they  were  consistent  with  each  other,  it  was  possible  to  de- 
rive jthe  constants  for  the  general  equations  for  speed-torque. 
It  was  found  that  such  derived  equations  fitted  these  curves 
quite  accurately  and,  moreover,  they  held  the  proper  relation  of 
constants  for  both  high-  and  low-resistance  secondaries.  The 
various  agreements  between  the  calculations  and  the  tests  for  the 
higher  speeds  were  such  that  one  could  assume  that  the  derived 
equations  were  practically  correct  and  that  from  them  the  curves 
for  the  negative  speeds  could  be  plotted  with  fair  accuracy.  In 
this  way  the  curves  for  the  negative  speeds  were  first  obtained 
and  it  then  remained  to  check  them  by  actual  test.  Finally  a 
method  of  testing  was  tried  which  appeared  to  give  quite  good 
results.  This  consisted  in  setting  the  apparatus  at  about  the 
desired  speed  and  torque  conditions ;  then  cooling  the  motor  down 
to  the  required  temperature  preparatory  to  obtaining  the  desired 
test,  the  power  was  then  thrown  on  and  readings  obtained  in  the 
shortest  possible  time,  five  seconds,  for  instance.  Allowing  the 
motor  to  run,  additional  readings  were  obtained  at  five-second 
intervals.  A  series  of  consecutive  readings,  at  definite  intervals 
apart,  was  thus  obtained  and  plotted  in  a  curve.  By  extending 
this  curve  back  to  the  instant  of  starting,  results  were  obtained 
which  were  undoubtedly  quite  close  to  those  corresponding  to 
the  starting  temperatures,  and  were  not  only  quite  consistent 
with  each  other,  but  also  plotted  very  close  to  the  negative  exten- 
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sions  of  the  calculated  curves.  As  a  result  of  a  series  of  tests 
extending  over  several  weeks,  data  was  obtained  which  plotted 
in  curves  which  agreed  fairly  well  with  each  other  throughout. 
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Results  op  Tests 

Polyphase    Speed-Torque,    Speed-Current    and    Current-Torque 

Curves 
In  Fig.  21  are  shown  the  polyphase  speed-torque  and  primary 
current  both  with  the  secondary  short-circuited,  and  with  re- 
sistance added.     In  the  speed-torque  curves  the  circled  points 
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represent  actual  test  readings,  while  the  solid  line  cx)vers  the 
points  calculated  from  the  derived  equations. 

In  Table  I,  covering  data  on  the  short-circuited  rotor  tests, 
are  shown  the  forward  and  back  torques  and  the  corresponding 
forward  and  back  currents  for  the  various  speeds  between  zero 
and  200  per  cent  slip,  as  derived  from  Fig.  21;  also  the  calculated 
values  of  the  ratio  of  voltages,  x  and  (1  —  ac),  by  which  the  for- 
ward and  back  torques  should  be  reduced  in  order  to  get  the 
equivalent  single-phase  speed-torque  curve.  The  corresponding 
reduced  values  for  the  forward  and  back  torques  are  also  given 
as  calculated  from  the  values  x  and  (1  —  x).  The  last  column 
shows  the  difference  between  the  reduced  forward  and  back 
torques,  which  should  represent  the  single-phase  torque,  accord- 
ing to  the  foregoing  analysis. 


TABLE  I 

Primary 

Reduced 

Slip 

Torque  at 

amperes  per  leg 

torque 

Re- 

full voltage 

at  full  voltage 

X  - 

sult- 
ant 
tor- 

For 

For 

posi- 

nega- 

lb 

For- 

que 

tive 

tive 

^/ 

n 

V 

lb 

If+lb 

1-x 

ward 

Back 

speeds 

speeds 

0.02 

1.98 

20. 

35.8 

19.0 

154.8 

0.89 

0.11 

16.8 

0.4 

15.4 

0.05 

1.95 

41. 

36.3 

34.0 

164.5 

0.819 

0.181 

27.5 

1.1 

26.4 

0.10 

1.90 

61.7 

36.9 

66.6 

154.0 

0.735 

0.265 

33.3 

2.6 

30.7 

0.15 

1.85 

71.6 

37.7 

71.0 

153.6 

0.684 

0.316 

33.5 

3.8 

29.7 

6.20 

1.80 

77.3 

38.3 

85.0 

153.0 

0.643 

0.357 

31.9 

4.9 

27.0 

0.25 

1.75 

79.4 

39.2 

96.0 

162.5 

0.614 

0.386 

29.9 

5.9 

24.0 

0.30 

1.70 

79.6 

39.9 

104.0 

152.0 

0.594 

0.406 

28.1 

6.6 

21.5 

0.35 

1.65 

78.8 

40.8 

110.0 

151.5 

0.580 

0.420 

26.5 

7.2 

19.3 

0  40 

1.60 

77.6 

41.6 

113.0 

151.0 

0.572 

0.428 

25.4 

7.6 

17.8 

0.50 

1.50 

74.0 

43.6 

121.0 

J50.0 

0.554 

0.446 

2^.9 

8.7 

14.2 

0.60 

1.40 

70.0 

45.5 

128.0 

149.0 

0.538 

0.462 

20.3 

9.7 

10.4 

0.70 

1.30 

65.9 

47.8 

133.0 

147.3 

0.526 

0.474 

18.2 

10.8 

7.4 

0.80 

1.20 

62.1 

50.0 

136.5 

145.5 

0.516 

0.484 

16.6 

11.7 

4.9 

0.90 

1.10 

58.8 

52.7 

139.5 

143.5 

0.507 

0.493 

15.1 

12.8 

2.3 

1.00 

1.00 

55.5 

55.5 

141.5 

141.5 

0.50 

0.500 

13.9 

13.9 

0 

In  Fig.  22  are  shown  the  single-phase  speed-torque  and  cur- 
rent-torque curves  with  short-circuited  secondary,  as  plotted  from 
Table  I,  and  checked  by  actual  test.  The  circled  dots  represent 
actual  test  points,  while  the  crosses  represent  points  plotted  from 
the  last  column  in  Table  I.  The  agreement  of  test  and  calcu- 
lated values  are  as  close  as  can  really  be  expected  considering 
the  difficulties  in  obtaining  the  data,  and  the  possible  errors. 
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Unfortunately,  due  to  the  very  short  time  available,  it  was 
not  possible  to  make  any  extended  tests  on  single  phase  with 
a  view  to  correcting  for  temperature.  In  consequence,  the 
calculated  single-phase  speed-torque  curve,  which  is  on  the 
basis  of  constant  temperature,  is  compared  with  tested  ciu^es  in 
which  no  temperature  correction  has  been  made.  It,  therefore, 
is  not  known  in  this  case  how  much  of  the  discrepancy  is  due  to 
temperature. 

In  Table  II  is  shown  data  similar  to  that  of  Table  I,  but  for 
the  tests  with  resistance  in  the  secondary.  It  will  be  noted  that 
the  resultant  of  the  forward  and  back  torques  is  considerably 
lower  than  in  Table  I,  which  is  consistent  with  the  fact  that  in- 
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creased  secondary  resistance  reduces  the  maximum  torque  of  the 
single-phase  motor. 

In  Fig.  23  is  shown  the  calculated  single-phase  speed-torque 
and  the  tested  torques  of  the  motor  with  resistance  in  secondary. 
Here  the  circled  dots  represent  the  actual  test  readings  and  the 
crosses  represent  the  points  obtained  from  the  last  column  of 
Table  II.  The  discrepancies  are  somewhat  smaller  than  in  the 
motor  with  short-circuited  secondary.  This  should  be  the  case, 
if  heating  is  responsible  for  any  considerable  part  of  the  dis- 
crepancy, for  the  currents  are  relatively  smaller. 

In  order  to  get  a  crude  idea  as  to  how  much  of  the  difference 
may  be  due  to  this  feature  of  temperature,  a  polyphase  speed- 
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torque  test  was  selected  in  which  no  correction  had  been  made 
for  temperature  and  where  the  conditions  were  quite  closely 
comparable  with  those  of  the  single-phase  tests.  From  the 
speed-torque  and  current  data  of  this  polyphase  test,  the  re- 
sultant single-phase  speed-torque  curve  was  calculated,  making 
no  attempt  at  corrections  of  any  sort.  This  speed-torque  curve 
is  represented  by  the  small  squares  in  Fig.  23.  This  lies  much 
closer  to  the  tested  single-phase  curve,  thus  indicating  that  tem- 
perature is  possibly  an  explanation  of  a  considerable  part  of  the 
discrepancy  between  the  calculations  and  the  tests.     This  would 

TABLE  II. 


Primary 

Reduced 

SUp          1 

Torque  at 

amperes  per  leg 

tOTQUe 

Re- 

full  voltage 

at  full  voltage 

X    m 

suit- 
ant 
tor- 

Pot 

For 

posi- 

nega- 

h 
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^For- 
•ward 

que 

tive 

tive 

7/ 

Tb 

Jf 

lb 

1-^^ 

Back 

if+ib 

speeds 

speeds 

' 

r 

0.02 

1.98 

8.2 

64.3 

12.5 

134.2 

0.915 

0.085 

6.9 

0.5 

6.4 

0.06 

1.95 

18.9 

64.8 

18.0 

133.8 

0.881 

0.119 

14.7 

0.9 

13.8 

0.10 

1.90 

33.3 

65.4 

28.0 

133.0 

0.826 

0.174 

22.5 

2.0 

20.5 

0.16 

1.85 

41.5 

66.1 

37.0 

132.3 

0.781 

0.219 

27.5 

3.2 

24.3 

6.20 

1.80 

63.1 

66.9 

46.0 

131.6 

0.740 

0.260 

29.3 

4.5 

24.8 

0.25 

1.75 

59.8 

67.6 

53.0 

130.8 

0.712 

0.288 

30.3 

6.6 

24.7 

0.30 

1.70 

66.1 

68.4 

60.0 

130.0 

0.684 

0.316 

30.5 

6.8 

23.7 

0.35 

1.65 

69.2 

69.1 

66.0 

129.0 

0.662 

0.338 

30.4 

7.9 

22.5 

0.40 

1.60 

72.2 

69.9 

71.2 

128.0 

0.643 

0.357 

29.9 

8.9 

21.0 

0.50 

1.50 

76.5 

71.4 

81.0 

125.5 

0.608 

0.392 

28.2 

11.0 

17.2 

0.60 

1.40 

'78.7 

72.9 

88.0 

122.7 

0.582 

0.418 

26.6 

12.7 

15.9 

0.70 

1.30 

79.6 

74.4 

94.0 

120.0 

0.561 

0.439 

25.0 

14.4 

10.6 

0.80 

1.20 

79.6 

75.9 

99.5 

118.1 

0  542 

0.458 

23.4 

15.9 

7.5 

0.90 

1.10 

79.2 

77.8 

104.0 

112.2 

0.519 

0.481 

21.4 

18.0 

3.4 

1.00 

1.00 

78.9 

78.9 

108.2 

108.2 

0.50 

0  50 

19.7 

19.7 

0 

also  indicate  that  heat  effects  as  referred  to  in  connection  with 
Fig.  20  are  not  as  objectionable  as  anticipated.  However,  the 
writer  does  not  believe  that  all  the  discrepancy  is  due  to  heating, 
but  considers  that  this  approximate  method  of  dealing  with  the 
problem  makes  the  back  torque  too  small.  In  the  arrangement 
with  two  motors  in  series,  as  mentioned  before,  the  voltages  of 
the  two  motors  will  not  usually  add  up  directly  to  give  the  line 
voltage,  and  the  motor  which  represents  the  back  torque,  will 
have  a  relatively  larger  percentage  of  the  total  voltage  than  is 
the  case  with  the  above  method  of  considering  the  problem. 
This  will  be  considered  further  under  the  two-motor  tests. 
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Two  Motors  in  Series 

In  Table  III  is  shown  the  test  data  and  the  calculations  de- 
rived therefrom,  for  two  motors  with  their  primaries  in  series 
and  with  their  secondaries  short-circuited  independently.  In 
this  test  no  external  resistance  was  used  in  the  secondaries. 
Considerable  difficulty  was  encountered  in  making  this  test,  due 
partly  to  bad  alignment  of  the  machines,  as  they  were  rigidly 
coupled  together.  Furthermore,  in  several  of  the  earlier  tests, 
the  eflFefcts  of  temperature  were  disregarded  and  all  indications 
were  that  the  secondaries  were  quite  hot  during  the  tests.  There 
was  so  much  discrepancy  between  the  various  results  that  the 
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writer  cannot  feel  sure  of  the  data  shown  in  this  table,  although 
it  was  obtained  under  quite  careful  conditions  of  test. 

In  the  above  table  the  percentage  of  line  voltage  applied  to 
each  motor  is  shown.  It  is  of  interest  to  compare  these  per- 
centages with  those  shown  in  Table  I.  This  is  illustrated  in  Fig. 
24.  This  shows  that  the  percentage  of  voltage  on  the  forward 
rotating  motor  is  higher  at  the  higher  speeds,  than  in  Table  I, 
but  is  lower  at  the  low  speeds.  On  the  other  hand,  the  voltage 
on  the  backward-rotating  motor  is  higher  at  all  speeds  than  in 
Table  I.  Thus,  the  back  torque  has  always  a  higher  value  than 
in  Table  I.  Consequently,  with  the  reduced  forward  torque  at 
the  lower  speeds  and  the  higher  back  torque,  the  resultant  torque 
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derived  from  the  polyphase  curve  will  naturally  be  lower  than 
in  Table  I,  which  appears  to  be  the  case  in  all  the  tests  made. 
The  data  in  Table  III  indicate  that  the  two  motors  have  their 
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primary  voltages  very  nearly  in  phase  at  all  times.  The  stun  of 
the  two  motor  voltages  is  never  much  greater  than  that  of  the 
line. 
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In  Fig.  25  is  shown  the  calculated  and  test  speed-tbrque  results 
corresponding  to  Table  III.  The  test  result  shows  lower  torques 
at  the  low  speeds  than  can  be  derived  from  the  voltage  percent- 
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ages  applied  to  the  polyphase  torques.     Part  of  this  difference 
may  be  due  to  temperature  conditions. 
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In  Table  IV  is  shown  the  corresponding  data  for  two  motors 
with  resistance  in  the  secondary.  Under  this  condition  the 
various  tests v  made  were  more  consistent  with  each  other  and 
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the  writer  has  more  confidence  in  the  data  than  in  the  case  of 
Table  III. 

In  Fig.  26  is  shown  the  percentages  of  line  voltage  on  each  of 
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the  two  motors,  compared  with  those  in  Table  II.  These  show 
the  same  differences  as  in  Fig.  24,  where  there  was  no  external 
resistance. 

In  Fig.  27  is  shown  the  speed-torque  curve  for  both  calculation 
and  test,  as  taken  from  Table  IV.  Here  the  discrepancies  are 
much  smaller  than  in  Fig.  25. 

Conclusion 
While  the  data  are  not  as  exact  as  the  writer  would  desire,  yet 
he  feels  that  the  general  results  obtained  from  the  various  tests 
have  indicated  that  the  method  of  analysis  followed  in  this  paper 
is  along  proper  lines  and  that  this  conception  of  the  action  of  the 
single-phase  induction  motor  is  of  considerable  assistance  in 
obtaining  a  proper  understanding  of  the  machine.  As  stated 
before,  the  primary  purpose  of  this  paper  is  not  to  develop  a 
method  of  calculation,  but  is  simply  to  illustrate  some  of  the 
characteristics  of  the  single-phase  motor.  It  is  hoped  that  this 
will  bring  out  more  clearly  the  very  intimate  relation  between  the 
polyphase  and  single-phase  induction  motors  in  their  operating 
characteristics. 
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Discussion  on  "No-Load  Conditions  op  Singlb-Phasb 
Induction  Motors  and  Phasb  Converters'*  (Hell- 
mund)  and  **A  Physical  Conception  op  the  Operation 
OP  the  Single-Phase  Induction  Motor"  (Lamme), 
Pittsburgh,  Pa.,  April  10,  1918  and  New  York,  N.  Y., 
April  12,  1918. 

Discussion  at  Pittsburgh 

J.  Slepian:  These  two  papers  illustrate  what  a  great  dif- 
ference in  the  clearness  of  understanding  of  a  complex  system  of 
circuits  is  made  by  different  choices  of  the  simpler  systems  out 
of  which  it  is  attempted  to  build  up  the  more  complex  systems. 

Both  papers  are  concerned  with  sjrmmetrical  induction  motors 
having  coils  missing.  Mr.  Lamme  takes  as  his  simple  system  the 
complete  s)nnmetrical  machine  operating  under  balanced  con- 
ditions. He  then  determines  two  different  balanced  conditions 
such  that  when  super-imposed  in  one  machine  their  resultant 
will  give  zero  current  in  the  coils  which  must  be  removed  to  get 
the  unbalanced  machine.  Mr.  Hellmund,  however,  takes  as 
his  simple  system  the  individual  circuits  of  the  unbalanced 
machine.  Mr.  Hellfnund's  choice  of  a  simpler  system  appears 
perhaps  as  more  fundamental  than  Mr.  Lamme's,  inasmuch  as 
the  basic  laws  of  electromagnetism  were  first  developed  for 
simple  closed  circuits,  but  in  the  actual  study  of  an  unbalanced 
machine  most  will  agree  that  Mr.  Lamme's  choice  works  better. 
The  papers  show  quite  forcibly  that  clear  conceptions  and  cor- 
rect results  can  be  obtained  much  more  easily  by  trying  to 
resolve  the  problem  of  an  unbalanced  machine  into  the  sum  of 
different  balanced  conditions,  than  by  considering  the  individual 
closed  circuits  of  the  machine. 

Mr.  Lamme's  method  has  been  long  known,  and  I  believe  was 
used  correctly  in  the  treatment  of  the  single-phase  induction 
motor  by  S.  P.  Thompson  in  his  'Tolyphase  Currents,"  and  also 
by  Mr.  Behrend  in  his  book  on  the  induction  motor.  Neverthe- 
less, the  method  is  frequently  used  incorrectly  to  this  day.  I 
believe  one  reason  for  the  prevalent  error  is  the  failure  to  dis- 
tinguish between  two  different  types  of  single-phase  motor,  the 
single-phase  current  motor,  and  the  single-phase  voltage  motor. 
Take  a  two-phase  squirrel-cage  motor  and  opening  one 
phase,  throw  the  other  phase  across  a  single-phase  line.  The 
primary  current  then  is  certainly  confined  to  the  one  phase  but 
the  voltage  when  the  motor  is  running  is  not  at  all  so  confined 
as  a  voltmeter  across  the  open  phase  would  show.  This  is  the 
single-phase  current  motor.  Now  take  this  same  motor  and 
short-circuit  the  open  phase.  The  primary  voltage  is  now 
certainly  confined  to  the  one  phase  but  the  currents  are  not  at  all 
so  confined  as  an  ammeter  in  the  short-circuited  phase  would 
show.     This  is  the  single-phase  voltage  motor. 

The  error  commonly  made  is  to  develop  a  theory  of  this  last 
type,  the  single-phase  voltage  motor,  and  then  to  apply   the 
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results  obtained  to  the  generally  used  motor  of  the  first  type,  the 
single-phase  current  motor.  Of  course,  there  is  lack  of  agree- 
ment between  this  theory  and  the  observed  operation. 

The  working  out  of  this  theory  is  very  simple.  The  condition 
of  a  given  voltage  on  one  phase  and  zero  voltage  on  the  other  is 
resolved  into  the  sum  of  two  balanced  two-phase  voltages,  of 
one-half  the  magnitude  of  the  given  voltage,  agreeing  in  sign  in 
one  phase  and  opposite  in  sign  in  the  other  phase.  The  result- 
ant currents,  torques,  etc.,  of  the  single-phase  voltage  motor 
are  obtained  by  adding  together  the  cturents,  torques,  etc.  pro- 
duced by  the  two  two-phase  voltages  independently.  Since  the 
speed-torque  curves  of  an  induction  motor  operated  on  balanced 
polyphase  constant  voltage  are  well  known,  the  speed-torque 
curve  of  the  single-phase  voltage  motor  may  be  obtained  as 
described  by  Mr.  Lamme  and  illustrated  in  Fig.  12  of  his  paper. 
Of  course,  instead  of  letting  the  two  two-phase  voltages  act 
simtdtaneously  on  the  same  motor,  we  may  let  them  act  on 
different  motors  and  then  add  the  torques  by  mechanically 
connecting  the  rotors.  Furthermore,  since  the  voltages  are  the 
same,  we  may  connect  the  stators  in  parallel  with  one  phase  on 
one  stator  reversed.  This  combination  would  have  the  same 
speed-torque  curve  as  the  single-phase  voltage  motor. 

The  condition  obtaining  in  the  single-phase  current  motor, 
that  the  current  in  one  phase  shall  be  zero,  is  satisfied,  as  is 
easily  seen,  by  the  sum  of  two  balanced  two-phase  states  in 
which  the  stator  currents  of  each  state  are  of  the  same  magnitude, 
agreeing  in  sign  in  one  phase  and  opposite  in  sign  in  the  other.  If 
now,  the  polyphase  and  single-phase  systems  in  use  were  of  the 
constant-current  type,  the  theory  of  this  motor  would  be  exactly 
similar  to  that  of  the  single-phase  voltage  motor  described  above. 
We  would  take  for  the  magnitude  of  the  two  two-phase  currents 
one-half  that  of  the  constant  current  in  the  single-phase  line. 
Knowing  the  torque-speed  curves  for  a  balanced  motor  operated 
on  a  balanced  polyphase  constant-current  system,  we  could 
obtain  the  speed-torque  curve  of  the  single-phase  current  motor 
by  combining  two  speed-torque  characteristics  in  the  manner  of 
Fig.  12.  Similarly,  instead  of  having  the  two  two-phase  cur- 
rents flow  in  the  same  machine,  we  may  cause  them  to  flow  in 
two  different  machines  and  combine  the  torques  by  mechanical 
coupling  of  the  rotors.  Furthermore,  since  the  currents  in  the 
two  machines  are  to  be  the  same,  the  stators  may  be  connected 
in  series  with  one  phase  of  one  stator  reversed  as  Mr.  Lamme  has 
done.  Of  course,  in  actual  practise  the  voltage  of  the  single- 
phase  line  is  constant  and  not  the  current,  but  this  condition  is 
easily  met.  Instead  of  the  two  two-phase  currents  being  directly 
given,  they  must  be  chosen  of  such  a  magnitude  that  the  voltages 
necessary  to  produce  them  must  add  to  the  line  voltage  in  the 
phase  receiving  current.  Thus  the  ctirrents  will  have  to  be 
changed  with  each  change  of  slip.  This,  however,  is  easily  taken 
care  of  by  anyone  familiar  with  the  theory  of  induction  motors 
under  balanced  conditions. 
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The  method  used  by  Mr.  Lamme  is  clearly  one  of  superposi- 
tion, that  is,  two  different  possible  systems  of  currents,  voltages, 
torques,  etc.  are  added  together  and  their  sum  is  said  to  be  also 
a  possible  system.  While  no  objection  can  be  raised  as  regards 
the  ctirrents  and  voltages,  there  may  be  some  doubt  as  to  the 
validity  of  combining  the  double  frequency  quantities  as  torque, 
Joulian  heat,  etc.  in  this  way.  In  fact,  such  combination  in 
general  is  not  permissible.  For  example,  the  ohmic  loss  pro- 
duced in  a  conductor  by  the  sum  of  two  ciurents  of  the  same 
frequency  is  not  equal  generally  to  the  sum  of  the  ohmic  losses 
which  each  current  would  produce  in  that  conductor  indepen- 
dently. It  is  a  remarkable  fact  that  for  balanced  circuits,  two 
systems  of  currents  and  voltages,  each  balanced  polyphase  of 
the  same  frequency  but  of  opposite  phase  relation  may  be  com- 
bined and  the  mean  resultant  torque,  heating,  etc.  will  be  equal 
to  the  sum  of  the  mean  torques,  heatings,  etc.  which  each 
system  would  produce  separately.  This  justifies  the  above  pro- 
cedure. 

Of  course,  the  instantaneous  torque,  heating,  etc.  cannot  be 
obtained  in  this  way.  This  points  to  one  difference  between  the 
mechanically  connected  series  machines  of  Mr.  Lamme  and  the 
single-phase  current  motor.  In  the  former,  the  torque  in  each 
machine  is  constant  in  time,  so  that  the  same  is  true  of  their  sum. 
In  the  latter  the  torque  is  pulsating,  vanishing  generally  four 
times  per  cycle.  The  mean  value,  however,  is  the  same  in  the 
two  cases. 

Mr.  Hellmund,  admittedly  discusses  idealized  motors,  the 
idealization  consisting  in  assuming  resistance  and  leakage  reac- 
tance zero.  Discussion  of  such  ideal  cases  is  profitable  if  this 
idealization  makes  the  problem  easier  and  if  actually  used  motors 
with  small  resistance  and  small  leakage  reactance  approximate 
in  their  operation  these  resistanceless  and  reactanceless  cases. 
However,  I  don't  think,  that  Mr.  Hellmund  will  claim  that  most 
of  his  ideal  cases  are  easy  to  work  out  or  understand.  Also, 
those  cases  where  the  rotor  windings  are  of  few  phases  and  con- 
centrated, do  not  correspond  to  motors  in  general  use  on  un- 
balanced operation  as  in  phase  converters  or  balancers  and  they 
bring  in  complications  of  infinite  currents  and  higher  harmonics. 
The  reason  for  the  detailed  consideration  of  such  cases  is  given 
at  the  beginning  of  Case  No.  5.  It  is  because  these  cases  show 
that  as  the  number  of  phases  in  the  rotor  and  the  distribution  of 
the  rotor  windings  are  increased,  the  main  flux  of  the  motor 
approaches  a  synchronously  rotating  sine  distribution,  irrespec- 
tive of  the  field  form  which  the  primary  would  produce  by  itself. 
But  could  not  this  result  be  obtained  more  directly  and  more 
easily.  I  would  like  to  show  here  that  it  can  be,  following  the 
line  of  ideas  used  in  Mr.  Lamme's  paper. 

Consider  the  case  of  a  motor  with  rotor  of  an  infinite  number  of 
phases  and  having  zero  resistance  and  zero  leakage  reactance. 
By  zero  leakage  reactance  is  meant  that  an  arbitrary  distribution 
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of  m.m.f.'s  coming  from  the  stator  can  be  entirely  annulled  by 
some  properly  chosen  current  distribution  on  the  rotor.  Suppose 
that  the  stator  winding  is  single-phase  and  concentrated  and 
gives  a  square  topped  m.m.f.  wave.  Suppose,  for  simplicity, 
that  the  machine  is  two-pole.  The  rotor  is  supposed  to  be  at 
synchronous  speed. 

As  is  wen  known,  the  square-topped  m.m.f.  wave  can  be 
resolved  by  Fourier's  theorem  into  harmonics.  The  fundamental 
will  be  a  two-pole,  sine-shaped  field.  The  third  harmonic  will 
be  a  six-pole  sine  field;  the  fifth  harmonic  will  be  a  ten-pole  sine 
field,  and  so  on. 

Consider  first  the  case  of  a  sine-wave  current'  in  the  stator. 
The  height  of  the  square  topped  m.m.f.  wave  will  then  change 
in  time  according  to  the  sine  law.  It  is  dear  that  each  of  the 
harmonics  into  which  the  square  topped  wave  is  resolved  will 
also  have  amplitudes  varying  sine  fashion  in  time.  Thus  the 
alternating  square  topped  m.m.f.  field  is  resolved  into  a  two-pole 
sine-shaped  field  alternating  sine  fashion  in  time;  a  six-pole  sine 
field  alternating  sine  fashion  in  time  with  the  same  frequency, 
and  so  on. 

What  now  will  be  the  reactions  of  the  rotor  upon  these  compon- 
ent fields.  Consider  first  the  fundamental  m.m.f.  field.  As  Mr. 
Lamme  has  so  clearly  explained,  this  can  be  further  resolved  into 
a  forwardly  rotating  and  a  backwardly  rotating  sine-shaped 
field.  The  forwardly  rotating  component  is  synchronous  with 
the  rotor  and  therefore  the  flux  it  produces  induces  no  currents 
in  the  rotor.  Therefore,  this  forwardly  rotating  component 
produces  its  full  flux.  The  backwardly  rotating  component  has, 
however,  a  200  per  cent  slip  relative  to  the  rotor.  Rotor  cur- 
rents, therefore,  will  be  induced,  which  will  completely  counter- 
balance this  backwardly  rotating  m.m.f.  component.  Thus,  no 
backwardly  rotating  two-pole  flux  will  be  produced. 

Consider  now  the  third  harmonic  of  the  m.m.f.  wave,  forming 
a  six-pole  alternating  field.  As  before,  this  can  be  resolved  into 
a  forwardly  rotating  and  a  backwardly  rotating  component,  but 
now  having  six  poles  the  speed  of  rotation  will  be  only  one-third 
synchronous.  Thus  the  rotor  will  have  a  200  per  cent  slip 
relative  to  the  forwardly  rotating  component  and  a  400  per  cent 
slip  relative  to  the  backwardly  rotating  component.  Hence  any 
fluxes  which  these  components  would  produce  are  damped  out 
by  currents  induced  in  the  rotor.  In  a  similar  way,  the  fifth  and 
higher  harmonics  of  the  stator  m.m.f.  field  produce  no  resultant 
flux.  All  that  is  left  is  the  forwardly  and  synchronously  rotating 
sine-shaped  flux.  Such  a  rotating  sine  flux  would,  of  course, 
induce  a  sine-shaped  counter  e.m.f.  in  the  stator  so  that  if  the 
impressed  voltage  is^sine  shaped,  so  also  will  be  the  stator  current. 
The  case  where  the  stator  current  is  not  sine  shaped  offers  some 
interesting  features  which  I  shall  not  go  into  here. 

The  real  simplicity  of  the  ideal  case,  just  considered  is  now 
apparent.    As  far  as  concerns  the  cotmter  e.  m.  f .  generated  by 
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the  main  flux,  we  see  that  it  remains  balanced  polyphase  under 
all  conditions,  if  only  the  rotor  is  running  near  S3mchronism. 
This  is  brought  about  by  the  selective  action  of  the  rotor,  which 
damps  out  any  fluxes  other  than  the  synchronously  rotating  sine 
field. 

Where  the  leakage  reactance  and  resistance  are  not  zero,  but 
the  rotor  winding  is  distributed  and  has  infinitely  many  phases, 
it  is  clear  that  this  selective  damping  will  not  be  perfect,  and 
rotating  components  of  the  field  other  than  the  synchronously 
rotating  two-pole  field  will  persist.  It  is  clear  that  the  voltages 
induced  in  the  stator  by  each  rotating  field  component  will  be  of 
fundamental  frequency,  but  now  the  voltages  will  not  be  balanced 
polyphase.  This  is  the  approximate  condition  in  the  single- 
phase  motor,  phase  converter  and  phase  balancer. 

When  the  winding  of  the  rotor  is  concentrated  and  of  few 
phases,  not  only  does  the  damping  out  of  the  non-synchronous 
component  of  the  field  flux  by  the  rotor  become  incomplete, 
but  the  rotor  currents  themselves  set  up  new  component  rotating 
fluxes.  These  give  Ingher  harmonics  in  the  stator  voltages,  as 
Mr.  Hellmund's  first  cases  show.  It  is  easy  to  show  that  with 
the  rotor  nmning  synchronously,  the  harmonics  of  stator  voltage 
are  always  odd.  Thus  we  see,  that  the  complications  in  most  of 
the  cases  considered  by  Mr.  Hellmund  arise  from  his  supposition 
of  concentration  of  the  rotor  windings.  Since  this  case  is  quite 
diflferent  from  machines  actually  us^  imder  imbalanced  condi- 
tions, and  since  the  facts  concerning  the  machines  of  infinitely 
many  phased  rotors  can  be  arrived  at  without  considering  these 
cases,  its  detailed  study  becomes  of  less  practical  importance. 

C.  Fortescue  (by  letter):  The  problems  of  design  have 
occupied  the  attention  of  electrical  designers  so  much  in  the  past 
that  there  has  been  comparatively  little  activity  in  connection 
with  purely  theoretical  considerations  of  machine  operation. 
This  state  of  affairs  tends  toward  a  narrow  specialization  on  the 
part  of  machine  designers  which  is  not  favorable  to  progress. 
Thus  we  find  a  tendency  to  consider  each  type  of  machine  as  an 
entity;  we  have  Uterature  on  "Theory  of  Transformers*', 
"Theory  of  Polyphase  Induction  Motors",  "Theory  of  Single- 
phase  Induction  Motors",  "Theory  of  Synchronous  Motors", 
and  so  forth,  without  any  inquiry  as  to  the  relation  between  the 
various  types  of  electromagnetic  apparatus.  As  a  result  of  this 
there  appears  to  be  a  distinct  loss  of  generality  in  modes  of 
thought  among  electrical  designers,  so  much  so  that,  because  a 
machine  has  parts  that  rotate  about  an  axis,  it  is  often  considered 
as  being  distinct  in  theory  from  an  ordinary  stationary  network 
or  even  from  a  network  having  relative  linear  motion  between 
its  parts  as  for  instance  an  electromagnet. 

Those  who  have  devoted  some  time  to  the  theoretical  investi- 
gation of  electrical  machinery  are  beginning  to  see  that  the 
same  general  analytic  treatment  applies  to  all  the  various  types 
of  machines.     For  example  the  induction  motor  differs  from  a 
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stationary  network  only  in  this  respect,  that  the  coefficients  of 
mutual  induction  between  different  branches  in  the  former  be- 
come time  functions  and  we  can  no  longer  express  the  e.m.f. 
induced  in  a  given  circuit  due  to  a  current  flowing  in  another  by 

M\%  —TT'  as  in  a  simple  network  but  must  use  instead  -r-.  (Afij  ij) 
at  cL  t 

or  JI/12     ,  /  +  H  — TT  '     Carrying  out  the  comparison  a  step 
at  at 

further  we  see  that  even  if  U  is  constant  an  e.m.f.  is  induced, 

*2  — TT^  i  an  action  familiar  to  designers  of  rotating  machinery 
a  t 

under  the  name  of  *'rate  of  cutting  of  lines  of  force."  Again  we 
find  in  a-c.  generators  that  if  we  supply  reactive  kilovolt  amperes 
to  a  load  a  porportionate  amount  of  d-c.  ampere-turns  must  be 
supplied  to  the  field  in  order  to  maintain  the  e.m.f.  Conversely 
if  reactive  kilovolt  amperes  are  supplied  to  the  generator  by  means 
of  condensers  the  d-c.  ampere-turns  must  be  reduced;  in  some 
cases  even  without  any  d-c.  magnetization  it  is  impossible  to  keep 
the  terminal  e.m.f.  down  to  a  reasonable  value.  These  actions 
are  strictly  analogous  to  the  similar  actions  in  a  transformer. 

I  regard  Mr.  Hellmund's  paper  as  a  bridge  between  the  old 
methods  of  considering  rotating  machinery  and  the  more  recent 
ideas  on  the  subject.  His  treatment  is  essentially  anlaytic  al- 
though he  uses  quantities  and  terms  familiar  to  designers.  Mr. 
Lamme's  paper  I  regard  as  a  practical  demonstration  of  the  truth 
of  the  comparatively  new  physical  conception  of  the  operation 
of  a  single-phase  induction  motor  as  being  a  special  case  of  that 
of  polyphase  machines.  This  conception  might  have  been  de- 
duced from  the  analytic  solution  of  the  single-phase  motor  which 
is  old,  but  its  full  significance  was  not  appreciated  until  quite  re- 
cently, when  a  new  anal3rtic  method  of  considering  rotating 
machinery  gave  the  solution  in  a  form  which  points  more  di- 
rectly to  this  conception. 

In  regard  to  Mr.  Hellmund's  paper,  I  wish  to  point  out  one 
very  common  error  into  which  he  falls,  namely  that  of  associating 
simplicity  of  parts  with  simplicity  of  theory.  In  physics  it  is 
not  generally  true,  for  in  considering  aggregates  or  groups  it  is 
often  possible  to  simplify  the  equations  without  affecting 
the  general  result.  Thus  we  are  familiar  with  such  ex- 
pressions as  "rigid  body"  in  dynamics,  "perfect  fluid", 
etc.,  which  are  tacit  admissions  that  the  equations  used  are 
not  absolutely  general  or  fundamental.  These  expressions 
and  the  simple  form  of  the  usual  electromagnetic  equations 
of  electrical  circuits  are  the  result  of  the  application  of  the  mathe- 
matical device  known  as  the  "ignoration  of  co-ordinates"  that 
is  to  say  the  omission  of  such  considerations  as  have  no  material 
weight  in  the  final  results.     The  method  of  analysis  required  for 
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practical  problems  is  one  which  will  permit  of  this  and  yet  per- 
mit of  further  elaboration  if  desired. 

Mr.  Hellmund's  method  of  attack  lacks  this  desirable  charac- 
teristic because  it  is  affected  by  the  number  of  physical  parts 
that  have  to  be  considered  simultaneously  and,  therefore,  it  is 
found  advantageous  in  his  method  to  begin  with  the  two  simple 
concentrated  circuits  in  relative  motion.  The  usual  analytic  treat- 
ment of  this  case  with  the  condition  of  constraint  assumed  by 
Mr.  Hellmund  is  also  comparatively  easy  and  leads  to  similar 
results.  The  first  few  cases  which  he  takes  up,  though  necessary 
in  his  train  of  reasoning,  are  of  academic  interest  only  and  are 
not  necessary  in  the  analytic  solution  of  the  general  problem  of 
unbalanced  motors.  I  think  that  the  method  of  treatment 
leads  to  an  over  emphasis  of  non-essential  factors,  which  are 
largely  eliminated  in  actual  designs,  and  is  weak  where  essential 
factors  such  as  secondary  resistance  and  magnetic  leakage  are 
introduced. 

In  connection  with  the  wave  forms  of  induction  motors;  it  is 
not  generally  appreciated  to  what  a  great  extent  the  harmonics 
are  eliminated.  I  have  attached  to  this  discussion  a  mathemati- 
cal proof  that  a  uniformly  distributed  polyphase  winding  on  a 
cylinder  of  an  infinite  number  of  phases  will  give  a  sine  wave 
space  distribution  of  induction.  It  should  be  added  that  a 
winding  of  finite  number  of  phases  can  theoretically  be  so  dis- 
tributed that  it  will  give  a  sine  wave  space  distribution  of  induc- 
tion. These  are  interesting  facts  but  others  of  more  importance 
are  that  it  is  not  the  wave  form  of  the  induction  which  deter- 
mines the  wave  form  of  currents  in  primary  and  secondary  but 
the  flux  linkage  distribution  or  Mn  ii  and  Mn  u.  '  These  still 
more  nearly  approach  sine  wave  form  with  properly  distributed 
windings.  Thus  the  secondary  flux  linkage  wave  form  of  one 
phase  of  a  uniformly  distributed  three-phase  winding  due  to  a 
balanced  primary  currents  will  take  the  form, 

Flux  leakage 

=  JC ii  (cos  0  +  —^cosbO+  24Q1  cos  7  (?+...  ^  cos  n  0j 

where  n  is  always  odd.  The  harmonics  are  so  small  that  they 
may  be  ignored  practically.  The  above  does  not  include  tooth 
harmonics.  These  may,  however,  be  reduced  to  a  negligible 
factor  in  the  design. 

In  a  paper  presented  before  the  Philadelphia  Section  of  the 
A.  I.  E.  E.  Mr.  Oilman  and  I  showed  that  any  unbalanced  system 
of  three-phase  e.m.f .  or  current  vectors  whose  vector  sum  is  zero 
may  be  resolved  into  two  symmetrical  three-phase  component 
systems,  one  of  which  is  of  positive  phase  sequence  and  the  other 
of  negative  phase  sequence.  The  same  is  true  of  any  two-phase 
system  of  e.m.fs.  or  current  vectors.  It  may  be  shown  analy- 
tically that  a  symmetrically  wound  induction  motor  running  at 
a  given  speed  will  have  a  definite  impedance  to  each  of  these 
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components  which  will  be  designated  Zi  and  Zj.  The  first 
impedance  is  made  up  of  the  true  resistance  and  a  composite 
reactance,  and  a  virtual  resistance  which  represents  the  resist- 
ance due  to  mechanical  work.  The  second  impedance  is  made 
up  of  a  true  resistance,  a  leakage  reactance  and  a  negative 
virtual  resistance  which  represents  the  resistance  due  to  mechani- 
cal work,  required  to  help  circulate  the  negative  phase  sequence 
currents. 

The  case  that  Mr.  Lamme  has  considered  in  his  paper  is  a 
special   case  of  the  symmetrical   polyphase  induction   motor 


Fig.  1 


ic.         t^A^        ^i 


Fig.  2 


operating  \mder  unbalanced  terminal  e.m.fs.  Only  one  of  these 
terminal  e.m.fs.  is  given  directly,  namely  the  single-phase 
impressed  e.m.f.,  but  in  this  case  the  currents  are  perfectly 
defined  in  relation  to  each  other,  namely  (Fig.  1)  /b  =  —  Ic- 

(Fig.  2)  shows  graphically  how  the  current  vectors  /»  and  h 
may  be  resolved  into  two  symmetrical  current  systems  S^  (lai) 
and  5*(/a2).  Fig.  3  shows  the  same  graphical  decomposition 
for  a  single-phase  current  into  two  two-phase  currents,  /.  in  this 
case  being  the  single-phase  current. 

The  terminal  e.m.f.  can  likewise  be  resolved  into  two  symmetri- 
cal e.m.fs.,  the  star  values  being  represented 
by  S^  (iSfli),  and  (5*jSa2),  and  we  shall  have 
the  relation  derived  from  the  regular  rela-  ^ 

tions  of  star  and  delta  e.m.fs.  ^bi 


Sbc  =  j  VT(^ai  -  £02) 


(1) 


Likewise  the  currents  are  subject  to  the     ^ 
constraint,  ^^t 

/a  =  0,  /,  =  -  /.  (2) 


and  therefore  by  the  (Fig.  2) 

lal    =   -"    io2 

Z\  Z2 


or  by  theory 


7 

and  therefore  iSa2  = ^  &ai 


■*I. 


Fig.  3 


(3) 


(4) 
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Substituting  in  (1)  we  obtain 

p  j  Ehc  Zi  ,-. 

V  3      Zi  +  Zt 

P        -  J  ^f>c  Zj  .^. 

V  3       Zi  +  Zj 
and  therefore 

and  ;..-/,  =  __%_  (8) 

Zi  -h  Zj 

equations  (7)  and  (8)  show  that  the  single-phase  performance  is 
equivalent  to  that  of  two  machines  coupled  together  mechani- 
cally with  windings  connected  in  series,  one  machine  being 
connected  in  opposite  phase  sequence  to  the  other.  If  Ki  and 
Ki  are  the  ratios  of  transformation  of  primary  and  secondary 
currents  for  each  symmetrical  component,  P©  the  power  output 
is  given  by 


(10) 


Where  a;o  is  synchronous  and  coi  slip  frequency  and  R,  second- 
ary resistance. 

The  input  in  volt-amperes  is  Pi  +  j  Qi  where 

Pi  =  i  Oi  =  h'  (Zi  +  ZO  +  P,  (11) 

Pf  being  the  iron  losses.     The  power  factor  is 

cos  a  =     ,     ^'  (12) 

VPi'  +  <?i* 

If  instead  of  impressing  the  single-phase  e.m.f.  across  B  C 
(Fig.  1)  it  is  impressed  between  A  and  B  C  the  terminals  B  C 
being  connected  together  we  would  have  an  entirely  different 
story.  There  the  e.m.fs.  are  determined  and  therefore,  the  com- 
ponents are  J^ai  =  -S02  and  are  given  and  the  two  component 
currents. 

Systems  S^  (lai)  and  5*  (/02)  are  inversely  proportional  to  the 
impedances  Zi  and  Zj  the  operation  is,  therefore,  equivalent  to 
that  of  two  symmetrical  motors  coupled  together,  connected  to  a 
symmetrical  three-phase  system  one  being  connected  in  opposite 
phase  sequence  to  the  other. 

Finally  if  we  wish  to  consider  both  single-phase  primary  and 
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single-phase  secondary  we  impose  the  constraint  (3)  on  both 
primary  and  secondary  currents  with  the  result  that  for  each 
harmonic  of  current  in  the  two  windings,  there  will  be  two  sym- 
metrical components  having  the  same  relation  as  for  the  simple 
case  except  that  Zi  and  Z^  will  have  different  values  for  each 
harmonic. 

The  above  sketch  of  the  principle  on  which  the  single-phase 
motor  theory  as  given  by  Mr.  Lamme  depends  is  presented  in 
order  to  show  how  a  complex  problem  may  be  solved  by  the 
superimpo  sition  of  a  train  of  separate  solutions  each  of  which 
is  connected  by  some  known  relation  to  the  preceding  one.  It 
should  be  understood  that  in  the  case  given  in  the  preceding 
paragraph  the  effect  of  slip  greatly  complicates  the  problem. 

Supplement  to  Discussion 
If  F  {6)  be  any  function  of  position  on  a  cylindrical  surface, 
which  is  symmetrical  about  a  diametral  plane,  it  may  be  expressed 
by  the  Fourier  series 

F{e)  =  i:  {An  cos  n  6)  (1) 

where  n  comprises  all  odd  numbers.  The  coefficients  -4n  are 
obtained  from  the  integral 

An^  —    I    F(d)cosndde  (2) 


J 


-   ir/2 

If  we  have  a  flux  distribution  I  d  6'  F  (6)  round  a  cylinder 
due  to  a  filament  of  current  I  d  B'  oX  6=  0,  and  if  we  consider 
the  filaments  to  be  multiplied  so  as  to  form  a  current  sheet  on 
the  cylinder,  of  which  the  current  density  at  any  point  may  be 
expressed  hy  I  d  B'  cos  B\  The  field  density  at  the  point  d 
due  to  the  filament  at  B'  will  be 

d5=  IcosB'  F{B-  B')dB'  (3) 

The  field  density  at  the  point  B  due  to  the  current  sheet  will 
therefore  be 


1 

-J 


B  =    I       IcosB'  F(B-6')dB'  (4) 

Since  by  (2) 

F{B-  B')^  2  An  cos  w  (fl  -  B')  (6) 

the  integral  (4)  becomes 

B  =  ^  I  Ai  cos  B  (g) 

B  is  therefore  a  simple  sine  wave  field  provided  that  F  {B)  have 
a  finite  number  of  finite  discontinuities. 
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C.  A.  M.  Weber:  Several  years  ago,  in  the  course  of  my 
regular  work,  I  had  occasion  to  make  what  I  then  considered 
quite  complete  tests  on  a  standard  polyphase  motor  operating 
on  both  three-phase  and  single-phase  over  a  range  of  speed  from 
zero  to  200  per  cent  slip.*  Upon  reviewing  these  tests  with  Mr. 
Lamme,  he  intimated  that  he  believed  it  was  possible  to  derive 
the  single-phase  speed-torque  curve  from  the  polyphase  curves 
on  the  basis  of  two  oppositely  rotating  magnetic  fields  as  rep- 
resented by  two  motors  coupled  together.  A  short  study  was 
made  of  this  at  that  time  but  on  account  of  lack  of  knowledge  of 
the  voltage  relations  involved  in  the  two  motors  no  definite 
results  were  obtained.  However,  Mr.  Lamme  stated  that  he  was 
going  to  take  the  matter  up  again  when  he  had  sufficient  time 
and  expected  to  obtain  the  real  solution  along  the  above  lines. 

Several  months  ago  he  notified  me  that  he  had  again  taken  up 
the  problem  and  believed  he  could  furnish  a  relatively  simple 
explanation  of  the  actions  of  the  motor.  He  then  explained  to 
me  the  general  method  which  he  used  which  was  practically  the 
same  as  covered  by  his  paper,  but  he  stated  that  my  former 
tests  were  obviously  full  of  errors  as  he  discovered  when  he 
applied  them  as  a  check  to  his  method.  I  then  proposed  to 
repeat  these  tests  with  another  set  of  motors,  taking  into  account 
the  discrepancies  and  errors  involved  in  the  former  tests.  Mr. 
Lamme  then  stated  that  he  expected  to  carry  out  similar  tests 
on  very  much  larger  motors.  It  may  be  of  interest  to  know 
that  my  tests  were  carried  out  entirely  independently  of  his  and 
that  I  did  not  see  the  results  of  his  tests  until  after  his  paper  had 
been  sent  to  press.  You  may  imagine,  therefore,  my  pleasure 
in  noting  the  very  close  similarity  of  my  results  with  his,  in  view 
of  the  fact  that  my  tests  were  on  two-phase  motors  of  quite 
small  capacity  while  his  were  on  much  larger  three-phase  motors. 

For  my  tests  I  selected  two  1-h.  p.,  220-volt,  60-cycle  2-phase, 
4-pole  wound-rotor  motors  with  their  shafts  rigidly  connected 
together.  The  torques  of  the  various  tests  made  were  registered 
by  an  electric  dynamometer  of  just  sufficient  capacity  to  handle 
the  motors  under  test.  Considerable  pains  were  taken  to  obtain 
practically  perfect  alignment  between  the  two  imit  combinations 
and  since  special  arrangements  were  provided  on  the  dynamo- 
meter for  obtaining  alignment  with  apparatus  under  test  I  feel 
that  the  errors  in  alignment,  while  of  course  not  entirely  elimi- 
nated, have  been  reduced  to  a  practical  minimtmi.  The  tests 
taken  were  as  follows: 

(1)  Two-phase  speed-torque  and  primary  current  curves  on 
one  of  the  motors  at  220  volts  with  secondary  short-circuited  on 
itself. 

(2)  Single-phase  speed- torque  on  one  winding* of  one  of  the 
two-phase  motors  at  220  volts  with  secondary  short-circuited  on 
itself. 

*The  curves  derived  from  these  tests  appeared  in  the  Electric  Journal 
of  September,  1914. 
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(3)  Single-phase  speed-torque  on  the  two-unit  combination  at 
220  volts  with  the  secondaries  short-circuited  on  themselves. 

The  voltages  impressed  on  each  motor  were  also  recorded. 

Pig.  4  shows  the  forward  and  backward  torques  of  one  of 
the  two-phase  motors  at  full  voltage  plotted  from  test  data, 
the  corresponding  primary  current-torque  curve  and  the  single- 
phase  speed-torque  curve,  shown  solid,  which  was  derived  from 
the  two-phase  speed-torque  and  primary  current  curves  as 
shown  in  Table  I.*  For  comparison,  the  tested  single-phase 
speed-torque  curve  on  one  winding  of  one  of  the  two-phase 
motors  is  also  shown.     This  curve  is  the  one  shown  dotted. 
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For  further  comparison  the  tested  speed-torque  curve  of  the 
two-unit  combination  with  primary  windings  in  series  and 
shafts  rigidly  connected  together  is  also  shown.  This  curve 
was  plotted  from  data  in  second  column  of  Table  II  and  is  the 
curve  in  dot  and  dash. 

Considering  the  nature  of  the  tests,  the  uncontrollable  factors 
such  as  heating,  saturation,,  leakage,  etc.,  and  the  fact  that 
comparisons  are  being  made  between  several  tests  which  could 

*In  order  to  avoid  confusion  the  tables  in  this  discussion  were  pur- 
posely arranged  the  same  as  in  Mr.  Lamme's  paper. 
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not  be  made  under  identical  conditions,  it  is  indeed  surprising 
that  the  various  single-phase  speed-torque  curves  check  so 
closely.  I  wish  to  call  particular  attention  to  one  discrepancy 
and  that  is  the  shape  of  the  upper  portion  of  the  primary  cur- 
rent curve  which  should  bend  over,  whereas  you  will  note  it 
is  practically  straight.  This  result  is  undoubtedly  due  to  heat- 
ing as  you  will  note  the  speed-torque  curve  at  200  per  cent 
slip  is  very  nearly  perpendicular  which  of  course  could  only 
occiu"  through  heating  in  this  case.  I  will  refer  later  on  to  the 
shape  of  these  two  curves  in  connection  with  the  calculated 
curves. 

Carrying  the  analysis  somewhat  further  as  did  Mr.  Lamme 
I  measured  the  two-unit  speed-torque  recording  at  each  torque 

TABLE  I. 


Torque  at 

Primary 

ampere 

Percent  volt- 

Reduced 

Re- 

Speeds 

full  voltage 

per  terminal 

ages 

Torque 

sult- 

oz. 

ft. 

full  voltage 

oz. 

ft. 

ant, 
torque. 

Posi- 

Nega- 

For- 

• 

tive 

tive 

Tf 

r* 

// 

Ih 

X 

l-X 

ward 

Back 

oz.    ft. 

1750 

1760 

30 

60 

2.12 

12.2 

85.2 

14.8 

21.8 

1.5 

20.3 

1700 

1700 

48 

60.1 

2.82 

12.18 

81.2 

18.8 

31.6 

2.5 

20.1 

1600 

1600 

76 

60.3 

4.27 

12.15 

74.0 

26.0 

41.6 

4.7 

36.0 

1500 

1500 

80 

60.8 

5.2 

12.1 

70.0 

30.0 

43.6 

6.3 

37.3 

1400 

1400 

06.5 

70.0 

5.05 

12.07 

67.0 

33.0 

43.3 

7.6 

35.7 

1300 

1300 

102 

70.3 

6.8 

12.04 

63.0 

36.1 

41.6 

0.2 

32.4 

1200 

1200 

103 

70.5 

7.3 

12.03 

62.2 

37.8 

30.0 

10.1 

20.8 

1000 

1000 

00 

71.3 

8.53 

11.02 

58.3 

41.7 

33.6 

12.4 

21.2 

800 

800 

04 

72.4 

0.21 

11.81 

56.2 

43.8 

20.6 

13.0 

16.7 

600 

600 

80.6 

73.5 

0.84 

11.7 

54.2 

45.8 

26.3 

15.4 

10.0 

400 

400 

85 

75 

10.4 

11.64 

52.5 

47.5 

23.4 

17.0 

6.4 

200 

200 

81.5 

76.7 

10.8 

11.35 

51.2 

48.8 

21.4 

18.3 

3.1 

0 

0 

70 

70 

11.1 

11.1 

50.0 

50.0 

10.75 

10.75 

0 

reading  the  voltages  impressed  on  each  motor.  Table  II  shows 
the  test  data  thus  obtained  together  with  the  calculated  resultant 
torques  using  the  tested  voltages  on  each  motor  and  the  two- 
phase  speed-torque  curve  Fig.  4. 

The  last  column  in  Table  II  is  to  be  compared  with  column 
No.  2  and  it  will  be  noted  again  that  the  check  is  as  good  as  could 
be  expected  under  the  circumstances.  The  individual  resultant 
torque  value  in  the  last  column  marked  with  an  asterisk  is  an 
error  probably  due  to  incorrect  reading  of  impressed  voltage, 
etc.,  and  should  be  thrown  out. 

In  Fig.  5  are  plotted  the  calculated  line  voltages  for  forward 
and  backward  torques  from  Table  I  together  with  the  tested 
per  cent  line  voltages  on  each  motor  of  the  two-unit  combina- 
tion from  Table  II.  * 
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It  will  be  noted  that  approximately  the  same  difference 
between  calculated  and  tested  values  occur  in  this  case  as  in  the 
cases  described  by  Mr.  Lamme  with  the  one  exception,  that  the 
tested  curve  does  not  cross  the  calculated  curve  at  the  higher 
voltage  values,  which  may  be  accounted  for  by  motor  size,  since 
the  motors  used  by  me  were  1-h.  p.  two-phase  whereas  those  used 
by  Mr.  Lamme  were  10-h.  p.  three-phase.  The  variation  of  the 
tested  voltage  curve  from  the  calculated  voltage  curve  may  be 
accounted  for  in  various  ways  such  as  leakage  and  saturation, 
and  the  fact  that  although  both  motors  of  the  two-unit  combina- 
tion were  manufactured  according  to  the  same  specifications 
it  could  not  be  expected  that  they  would  be  identical  in  every 


TABLE  II. 


Torque 

Polyphase 

Polyphase 

at  220 

Volte  per 

Per  cent  line 

torque  at 

torque  at 

Speed 

volte 

motor 

volte 

220  volte 

reduced  volt- 

Result- 

o«.   ft. 

oz.     ft. 

age 

OS.     ft. 

ant 
torque 

■• 

o». 
ft. 

Motor 

Motor 

Motor 

Motor 

For- 

Back- 

For- 

Back- 

r.  p.  m. 

No.  1 

No.  2 

No.  1 

No.  2 

ward 

ward 

ward 

ward 

1800 

0 

192 

28 

87.3 

12.7 

0 

69 

0 

1.1 

-1.1 

1700 

31.5 

173 

52 

78.6 

23.6 

48 

69.1 

29.6 

3.9 

25.7 

1600 

36.0 

163.5 

66 

74.4 

30.0 

76 

69.3 

42.0 

6.2 

35.8 

1600 

34.5 

148.0 

76 

67.3 

34.5 

89 

69.8 

40.2 

8.3 

31.9* 

1400 

30.75 

139 

79 

63.2 

35.9 

96.5 

70.0 

43.6 

9.0 

34.6 

1300 

26.5 

134 

86 

61.0 

39.1 

102 

70.3 

38.0 

10.8 

27.2 

1200 

24.0 

129 

95 

58.6 

43.1 

103 

70.5 

35.4 

12.1 

22.3 

1000 

16.5 

124 

100 

56.4 

45.5 

99 

71.3 

31.5 

14.8 

16.7 

800 

12.0 

117 

103.5 

53.1 

47 

94 

72.4 

26.5 

16.0 

10.5 

600 

7.5 

116 

105 

52.7 

47.7 

89.6 

73.5 

24.9 

16.7 

8.2 

400 

4.5 

112 

108 

51.0 

49 

85.0 

75.0 

21.1 

18.0 

3.1 

200 

2.0 

111 

109.5 

50.5 

49.7 

81.5 

76.7 

20.7 

18.9 

1.8 

0 

0 

110 

110 

50 

50 

79.0 

79.0 

19.75 

19.75 

0 

respect  as  is  assumed  in  the  calculations.  In  Fig.  6  I  have 
plotted  the  tested  torque  values  of  the  two-unit  combination 
from  the  second  column  Table  II,  the  calculated  resultant 
torque  values  last  column  Table  II  and  the  tested  single-phase 
torques  of  one  winding  of  one  of  the  two-phase  motors,  each 
against  speed. 

In  considering  these  curves  it  should  be  borne  in  mind  that 
only  ordinary  precautions  were  taken  to  obtain  the  same  temper- 
ature conditions  as  it  was  discovered  at  the  outset  that  identical 
temperature  conditions  were  impossible  of  attainment. 

It  will  be  noted  that  the  derived  curve  shown  solid  in  Fig. 
6  has  lower  torque  values  below  ^he  break  down  point  than  the 
derived  curve  shown  solid  in  Fig.  4,  which  is  attributable  to 
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the  fact  that  tested  voltages  were  used  in  deriving  the  solid 
single-phase  curve,  Fig.  6,  which  takes  into  account  saturation 
and  leakage,  whereas  when  calculated  voltages  were  used  as 

in  solid  single-phase  curve,  Fig.  4, 
saturation  and  leakage  were  not 
taken  into  account. 

After  making  the  above  tests  and 
obtaining  such  remarkable  checks 
between  the  various  single-phase 
curves  I  decided  to  calculate  the 
single-phase  and  polyphase  speed- 
torque  and  primary  current  curves 
from  the  physical  constants  of  the 
motor  and  derive  from  the  poly- 
phase calculated  curves  the  single- 
phase  speed-torque  curve  to  de- 
termine how  it  checks  with  the  cal- 
culated single-phase  speed-torque 
curve. 

Fig.  7  shows  the  speed-torque 
and  primary  ciurent  curves  of  one 
of  the  two-phase  motors  referred 
to,  calculated  from  the  physical 
dimensions  of  the  motor.  My  cal- 
culations were  based  on  fixed  values 
of  reactance  and  resistance,  whereas 
under  test  these  values  vary.  This 
is  quite  apparent  when  a  compar- 
ison is  made  between  the  two-phase 
tests  of  Fig.  4  and  the  calculations, 
Fig.  7.  The  torque  values  from  no  load  to  break  down  calculated 
higher  than  the  tests  due  to  primary  resistance  being  higher 
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under  test  than  I  assumed  in  the  calculations.  The  break  down 
torque  calculated  about  10  per  cent  higher  than  the  tested 
value  due  also  to  primary  resistance  being  assumed  lower  than 
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test.  From  break  down  torque  to  200  per  cent  slip  the  cal- 
culated torques  are  less  than  tested  values  for  similar  reasons. 
In  the  calculations  I  assumed  a  normal  increase  in  resistance, 
constant  from  no  load  to  200  per  cent  slip,  whereas  under  actual 
test  the  increase  in  resistance  due  to  temperature  was  abnormal. 
This  abnormal  heating  caused  the  tested  primary  current 
curve  Fig.  4  to  straighten  out,  whereas  normally  it  should  have 
been  as  shown  in  Fig.  7. 

Table  III  shows  the  calculations  of  the  single-phase  speed- 
torque  curve  from  the  calculated  two-phase  speed-torque  and 
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primary  current  curves.  The  values  in  last  column  Table  III 
are  plotted  solid  in  Fig.  7. 

For  comparison  I  have  calculated  the  single-phase  speed- 
torque  of  one  winding  of  the  above  two-phase  motor  and  show 
same  dotted  in  Fig.  7.  It  will  be  noted  that  these  two  single- 
phase  speed-torque  curves,  the  one  derived  from  calculated  two- 
phase  speed-torque  and  primary  current  curves  and  the  other 
calculated  from  the  physical  dimensions  of  the  motor,  practi- 
cally coincide.  I  feel  that  they  would  have  coincided  exactly 
had  I  drawn  my  circle  diagrams  large  enough  to  reduce  the 
effect  of  errors  in  measurement  to  a  minimum. 

For  fxirther  comparison  the  single-phase  speed-torque  derived 
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from  the  two-phase  speed-torque  and  primary  current  test  data 
are  also  plotted  in  Fig.  7.  The  break  down  torque  of  the  single- 
phase  curve  derived  from  test  data  is  about  10  per  cent  less  than 
the  calculated  value  due  to  temperature.  It  will  be  remembered 
that  there  was  about  10  per  cent  difference  between  calculated 
and  tested  two-phase  break  down  points. 

Reviewing  all  of  the  tests,  calculations  from  test  data  and 
calculations  from  the  physical  dimensions  of  the  motor  and  the 
various  curves  it  would  appear  that  the  analogy  of  two  oppositely 
rotating  fields  by  means  of  two  separate  polyphase  units  rigidly 
connected  together  with  their  primary  windings  connected  in 
series  is  a  correct  physical  conception  of  the  single-phase  induc- 
tion motor. 

TABLE  III. 


Torque  at  full 

Prim. 

amperes 

Reduced 

Re- 

Speeds 

voltage 

per  term. 

Per  cent  volt- 

torque 

sult- 

oz 

.  ft. 

full  voltage 

ages 

oz.  ft. 

ant 
torque 

Posi- 

Nega- 

For- 

oz. 

tive 

tive 

Tf 

Tb 

// 

lb 

X 

1-X 

ward 

Back 

ft. 

1750 

1760 

30 

47 

1.8 

12.33 

87.3 

12.7 

22.8 

.8 

22 

1700 

1700 

52 

47.2 

2.86 

12.32 

81.2 

18.8 

34.2 

1.7 

32.6 

1600 

1600 

85.5 

48.3 

4.62 

12.31 

72.7 

27.3 

45.4 

3.6 

41.8 

1600 

1500 

102.7 

49.4 

6.0 

12.29 

67.2 

32.8 

46.4 

5.3 

41.3 

1400 

1400 

108.8 

50.4 

7.0 

12.27 

63.6 

36.4 

44.1 

6.7 

37.4 

1300 

1300 

111.4 

51.5 

8.02 

12.23 

60.4 

39.6 

40.6 

8.1 

32.5 

1200 

1200 

111.0 

52.6 

8.75 

12.21 

58.3 

41.7 

37.7 

9.2 

28.5 

1000 

1000 

103.0 

55.0 

9.57 

12.14 

56 

44. 

32.2 

10.2 

22.0 

800 

800 

92 

57.2 

10.32 

12.07 

53.9 

46.1 

26.7 

12.2 

14.5 

600 

600 

84 

60 

10.81 

12 

62.6 

47.4 

23.2 

13.5 

9.7 

400 

400 

78.3 

62.6 

11.13 

11.89 

51.6 

48.4 

20.9 

14.6 

6.3 

200 

200 

73.5 

66 

11.4 

11.75 

50.7 

49.3 

18.9 

17.1 

1.8 

0 

0 

60.5 

69.5 

11.58 

11.58 

50 

50 

17.4 

17.4 

0 

G.  H.  Garcelon:  There  is  one  point  in  Mr.  Lamme's 
paper  which,  it  seems  to  me,  may  account  for  the  discrepancy 
between  the  tests  of  a  single  motor  running  single  phase  and  a 
two-motor  unit  supplied  with  opposing  polyphase  current. 

The  single  motor  is  always  excited  at  full  voltage  whereas 
each  motor  of  the  two-motor  unit  is  subjected  to  an  excitation 
varying  from  one-half  normal  to  practically  normal. 

This  difference  would  naturally  cause  variation  in  the  satura- 
tion and  the  reactance  so  that  the  coincidence  of  the  two  curves 
seems  to  me  remarkably  close  considering  the  conditions. 

The  two-motor  unit  has  twice  as  much  material,  so  that  some 
discrepancies  are  bound  to  appear. 

R,  E.  Hellmund:  Believing  that  those  readers  of  Mr 
Lamme*s  paper  who  are  accustomed  to  work  with  the  circle 
diagram  would  be  interested  to  see  how  the  two  diagrams  of  the 
series  connected  polyphase  motors  or  the  oppositely  rotating 
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fields  in  the  single-phase  motor  join  together,  I  have  worked  out 
the  diagram  for  a  number  of  typical  load  cases.  In  disaissing 
these  diagrams,  let  us  keep  the  two  polyphase  motors  with 
oppositely  rotating  fields  and  connected  in  series,  in  mind.  Con- 
sidering each  of  these  motors  by  itself,  it  is  evident  that  the 
circle  diagram  applies  as  usual  to  the  individual  motor.  If  the 
voltage  of  the  first  motor  has  a  direction  0£i,  (Fig.  8),  its 
resultant  field  may  be  represented  by  a  vector  0  Ai  which 
gives  at  the  same  time  a  measiire  for  the  size  of  the  voltage.     If 


the  leakage  coefficient  is  represented  by  the  ratio 


OB, 
OAi 


we 


have    at    once    the    circle    Bu   Du  Au    aroimd    the    center 
Ci  applying  to  the  first  motor.     If  we  asstime  now  the  load 


Fig.  8 


Fig.  9 


point  Di  corresponding  to  about  full  load  with  a  primar>' 
current  0  Di  we  know  that  on  account  of  the  series  connec- 
tion of  the  motors  this  current  must  apply  to  both  of  the  motors. 
If,  therefore,  0  D2  equal  and  opposite  to  0  Di  represents 
the  current  of  the  second  motor,  we  know  that  the  circle  applying 
to  this  motor  must  go  through  the  point  D^.  If  we  assume 
further  the  voltage  of  the  second  motor  to  be  equal  to  0^42, 
the  direction  of  0  A2  representing  the  field  of  the  second 
motor  and  the  basis  for  the  circle  is  definitely  fixed  by  the 

O  B 

knowledge     of     the     point     £2    and    the    ratio    ^  . '   which 
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must  be  again  the  leakage  coefficient.  We  find,  therefore,  the 
circle  J5t,  D^,  At,  around  the  center  Cz  corresponding  to 
the  second  motor.  The  power  factor  of  the  first  motor 
for  the  load  point  under  consideration  corresponds  to  the  angle 
fli;  that  of  the  second  motor  to  the  angle  a^)  and  that  of  the 
combination  to  the  angle  a.  The  secondary  current  of  the  first 
motor  is  proportional  to  BiDu  and  that  of  the  second 
motor  proportional  to  D2B2.  Knowing  that  0-Biand  0  B^ 
represent  the  magnetizing  currents  of  the  two  motors  for 
their  individual  voltages,  which  are  also  known,  we  can  find 
all  the  required  scales,  and  formulas  can  be  derived  for 
the  combination  under  the  condition  that  the  sum  of  the  slip  of 
the  two  motors  must  be  200  per  cent.  A  complete  theory  for 
the  series  connected  polyphase  motor  and  the  equivalent  single- 


FiG.  10 


phase  motor  could  thus  be  derived.  This  would  be  of  small 
practical  value,  however,  since  there  is  small  promise  that  any 
calculating  method  along  that  line  would  be  simpler  than  those 
now  available  for  single-phase  induction  motors.  The  principal 
value  of  the  two  polyphase  motors  equivalent  being  the  easy 
physical  conception,  the  diagram  so  far  derived  is  sufficient.  It 
will  be  noticed  from  the  diagram  that  both  the  voltages  and  the 
fields  OAi  and  0 A2  are  somewhat  out  of  phase  and  that 
their  arithmetical  sum  is,  therefore,  slightly  larger  than  the  total 
impressed  voltage  Ai  A2,  which  is  the  geometrical  sum.  At 
the  same  time  it  will  be  seen  that  the  difference  between  the 
arithmetical  and  geometrical  sums  is  only  4 . 4  per  cent,  so  that 
the  small  error  introduced  by  figuring  with  the  arithmetical  sum 
as  has  been  done  in  Mr.  Lamme's  paper  is  almost  negligible. 
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(Fig.  9)  is  a  similar  diagram  applying  to  the  same  motor  for  a 
larger  load.  >  It  will  be  noted  that  the  field  voltage,  and,  there- 
fore, the  circle  for  the  motor  has  decreased,  while  that  of  the 
second  motor  has  increased.  The  difference  between  the  arith- 
metical and  geometrical  sums  of  the  two  voltages  is  5 . 4  per  cent 
in  this  case.  In  practise  the  difference  hardly  ever  exceeds  10 
per  cent  and  is  usually  much  smaller.  The  two  special  cases  of 
no-load  and  standstill  are  of  interest  and  shown  for  the  same 
motor  in  (Figs.  10  and  11;)  (Fig.  10)  representing  the  no-load 
case  shows  a  very  small  circle  ^2 1^2 -4  2,  for  the  motor 
which  runs  at  200  per  cent  slip.  For  this  condition,  the  two 
fields  0  Ai  and  O  Ai  are  practically  in  phase  with  each  other 
so  that  the  arithmetical  and  geometrical  sums  of  the  two 
are  identical.  This  is  true  in  nearly  all  motors,  except  those 
with  very  high  resistances,  because  the  no-load  power  factor  of 
an  induction  motor  is  usually  not  very  much  different  from  the 
power  factor  obtained  at  200  per  cent  slip.  It  is  interesting  in 
this  connection  that  the  no-load  test  of  two  coupled  motors 
with  oppositely  rotating  fields  gives  an  excellent  means  for 
measuring  the  leakage  coefficient.  One  of  the  motors  runs  at 
practically  no-load  while  the  other  motor  runs  with  a  current 
corresponding  to  200  per  cent  slip  which  is  much  nearer  to  the 
ideal  short-circuit  current  than  the  current  corresponding  to 
100  per  cent  slip  usually  tested.  Since  with  the  series  connected 
test  the  current  in  both  motors  is  the  same,  we  are  testing 
directly  the  voltage  required  to  send  this  current  through  the 
motors  in  one  case  with  practically  no-load  reactance,  and  in  the 
other  case,  with  practically  ideal  short-circuit  reactance.  The 
ratio  of  the  voltages  represents,  therefore,  directly  the  leakage 
coefficient  of  the  polyphase  motors.  (Fig.  11)  represents  the 
standstill  condition  with  which  both  motors  are  on  a  par,  the 
two  voltages  being  equal  and  always  in  phase  and  the  diameters 
of  the  two  circles  being  naturally  alike. 

The  fact  that  the  two  voltages  and  fields  of  the  two  motors  are 
not  always  in  phase  does  not  indicate  by  any  means  that  there 
is  a  ftmdamental  discrepancy  between  the  single-phase  induction 
motor  and  the  equivalent  of  two  series-connected  polyphase 
motors;  this  slight  out-of -phase  condition  of  the  oppositely 
rotating  fields  can  exist  in  the  single-phase  motor  as  well.  As 
a  matter  of  fact,  it  seems  that  the  two  cases  are  exactly  equiva- 
lent in  all  respects  except  for  slight  differences  caused  by  differ- 
ences in  iron  saturation,  heating,  eddy  currents,  bearing  friction, 
etc.,  that  is,  such  secondary  phenomena  which  have  little  to  do 
with  the  ftmdamental  theory. 

The  close  agreement  between  the  two  equivalents  may  further 
be  emphasized  by  a  number  of  examples  of  load  cases  which  are 
easily  tmderstood.  At  no  load,  we  know  that  one  of  two  series 
connected  two-phase  motors  takes  practically  the  full  line  vol- 
tage and,  therefore,  magnetizing  current  corresponding  to  this 
voltage.     This  current  i  flows  in  both  phases  of  each  motor 
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giving  a  primary  copper  loss  of  4  r  i*,  if  r  is  the  resistance  per 
phase  in  each  motor.  The  single-phase  motor  takes  with  the 
same  line  voltage  a  no-load  current  2  i,  which,  with  the  same 
resistance  r  in  the  single-phase,  gives  the  primary  losses  eqtaal  to 
(2  i)*  r  =  4  r  i^  that  is  the  same  as  in  the  polyphase  motor  com- 
bination. At  standstill,  each  of  the  polyphase  motors  has  one- 
half  line  voltage,  giving  a  certain  locked  current  oi\  I  and  pri- 
mary copper  losses  of(-^/l   X4r  =  Pr.     The  single-phase 

motor  has  full  line  voltage  and,  therefore,  a  locked  current  of  / 
and  primary  copper  losses  of  P  r,  that  is  again  the  same  as  the 
polyphase  motor  combination.  The  same  conditions  apply  to 
the  secondary  copper  losses.  In  the  single-phase  motor  second- 
ary, we  have  two  currents  of  different  frequencies,  superimposed 
upon  each  other.  In  the  two-motor  combination,  the  same  ctir- 
rents  flow  separately  in  the  two  secondaries.  It  can  be  shown 
by  a  simple  calculation  that  currents  of  different  frequencies 
flowing  in  the  same  winding  give  the  same  copper  losses  as  if 
they  were  flowing  in  two  separate  windings,  each  of  the  same 
resistance  as  is  the  case  in  the  double  motor  combination. 

The  core  losses  at  no  load  are  obviously  the  same  in  both 
cases.  With  the  single-phase  motor,  we  have  one  rotating  field 
corresponding  to  full  line  voltage;  with  the  two  polyphase  motor 
combination,  one  of  the  motors  has  a  rotating  field  corresponding 
practically  to  line  voltage,  while  the  field  and  core  losses  of  the 
other  motor  are  practically  zero.  At  standstill,  the  resultant 
field  of  the  single-phase  motor  is  alternating  in  one  axis  and 
corresponds  in  size  to  full  line  voltage.  In  the  two  motor  com- 
bination, we  have  fields  of  half  the  strength,  which,  if  they  were 
only  alternating  in  one  axis,  would  give  less  than  one-half  the 
losses  per  motor,  since  core  losses  vary  with  something  like  the 
1.8th  or  2nd  power  of  the  field  strength.  This  is,  however, 
practically  made  up  for  by  the  fact  that  the  fields  are  rotating, 
giving  the  maximum  density  in  a  larger  portion  of  the  iron  than 
would  be  the  case  with  fields  alternating  in  a  single  axis.  So  we 
have  again  a  very  close  agreement  between  the  two  cases. 

The  primary  ohmic  voltage  drop  at  no-load  is,  in  the  polyphase 
motor  combination,  i  X  2  r  with  two  motor  resistances  in  series, 
while  in  the  single-phase  motor  we  have  a  resistance  of  only  r 
but  a  current  2  i,  therefore,  again  the  same  drop.     Similarly,  we 

have  at  standstill  an  ohmic  drop  of  -^  /  X  2  r  =  /r  for  the  poly- 
phase combination  and  the  same  drop  /r  in  the  single-phase 
motor. 

The  same  conditions  apply  to  the  leakage  reactance  drop,  if 
the  reluctance  of  the  leakage  path  remains  constant  as  is  usually 
assumed  in  all  induction  motor  theories.  Since,  however,  the 
primary  cturents  of  the  single-phase  motor  are  about  double  the 
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current  in  the  polyphase  motor,  they  cause  larger  local  leakage 
fluxes  aroimd  the  slots  in  which  the  single-phase  winding  is  lo- 
cated. If  there  is,  therefore,  a  tendency  for  sattiration  in  the 
tooth  tips  a,  shown  in  (Fig.  12)  such  saturation  may  cause  in- 
creased reluctance  in  the  leakage  path  of  a  single-phase  motor  as 
compared  with  the  polyphase  equivalent. 
The  decreasing  influence  of  the  increased  re- 
luctance upon  the  leakage  field  of  the  single- 
phase  motor  tends  to  give  it  slightly  larger 
torques  than  the  polyphase  equivalent,  espec- 
ially near  the  pull-out  point  and  speed  points 
below. 

A  comparison  between  the  tested  curves  of  Fig.  22  and  Fig.  25 
of  Mr.  Lamme's  paper,  which  correspond  to  the  single-phase 
motor  and  the  series  connected  polyphase  motors,  respectively, 
shows  a  difference  in  this  direction.  The  same  fact  is  also  borne 
out  by  a  comparison  of  the  test  curves.  Figs.  23  and  27. 

There  is  nothing  new,  however,  in  having  an  otherwise  per- 
fectly good  theory  spoiled  by  the  varying  reluctance  of  the  iron. 
We  know,  for  instance,  that  the  same  change  in  the  reluctance 
of  the  leakage  path  introduces  marked  discrepancies  in  most 
theories  of  the  polyphase  induction  motor  and  spoils  in  many 
cases  the  true  circle  of  the  circle  diagram. 

Similar  discrepancies  are  caused  by  the  fact  that  the  varying 
frequency  of  the  induction  motor  secondary  winding  bring 
about  varying  eddy  losses  in  the  copper;  this  results  in  a  vari- 
ation of  the  effective  secondary  resistance,  while  most  theories 
are  based  on  constant  resistance.  The  resistance  variations 
caused  by  heating  are  even  more  annoying  in  any  attempts 
to  check  theory  by  tests.  The  various  unavoidable  discrep- 
ancies in  Mr.  Lamme's  curves  can,  therefore,  not  be  considered 
as  a  reflection  upon  the  correctness  of  the  fundamental  ideas 
advanced,  but  they  are  simply  discrepancies  which  confront 
the  designer  in  nearly  all  of  his  work. 

A.  M.  Dudley  and  C.  A.  M.  Weber:  After  reviewing  Mr. 
Hellmund's  paper  we  decided  to  wind  a  phase  converter  which 
would  meet  as  nearly  as  possible  some  of  Mr.  Hellmund's  funda- 
mental conditions  thereby  producing  by  actual  tests  some  of  the 
wave  shapes  obtained  by  Mr.  Hellmund's  analysis.  We  could 
not  of  course  obtain  zero  resistance  nor  zero  leakage  and  there- 
fore, we  would  not  obtain  the  infinite  current  values  shown  in 
the  paper.  However,  where  infinite  values  are  shown  in  the 
paper  for  zero  resistance  and  leakage  our  oscillograms  show  an 
abrupt  rise  to  a  high  value  during  a  finite  time  instead  of  to  an 
infinite  value  for  an  infinitesimally  short  time. 

The  converter,  which  was  built  and  tested  after  Mr.  Hell- 
mund's paper  was  sent  to  press,  consisted  of  a  48-slot  stato'r  with 
one  primary  coil  wound  pitch  in  diametrically  opposite  slots  and 
with  one  tertiary  coil  displaced  90  deg.  from  the  primary  coil 
also  wound  pitch  in  diametrically  opposite  slots.     This  produced 
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a  stator  with  concentrated  primary  and  tertiary  windings  and  is 
shown  in  Fig.  13. 

The  rotor  had  34  slots  and  was  wound  similarly  to  the  stator 
except  you  will  note  that  the  phases  are  not  in  exact  quadrature 
which  of  cotirse  does  not  affect  the  results  obtained  with  single- 
phase  rotor  and  very  little,  as  you  will  see,  when  the  rotor  was 
used  two-phase.     This  rotor  is  also  shown  in  Fig.  13. 

This  converter  was  driven  by  a  two-pole  synchronous  motor 
mounted  in  a  cradle.  The  cradle  was  necessary  in  order  to 
obtain  and  maintain  the  correct  angular  position  of  the  primary 
and  secondary  coils  with  respect  to  the  primary  flux.  Fig.  14 
shows  the  synchronous  induction  motor  mounted  in  the  cradle 
and  coupled  to  the  phase  converter.  Fig.  15  shows  the  lower 
part  of  the  cradle  which  is  simply  a  block  of  wood  with  brass 
straps  for  slides. 

The  synchronous  induction  motor  and  primary  coil  of  the 
phase  converter  were  excited  from  the  same  source  so  as  to 
maintain  the  proper  relationship  between  primary  coil,  secondary 
coil  and  primary  flux.  Precautions  were  also  taken  to  reduce 
external  reactances  to  a  minimum.  The  only  external  reactances 
between  the  generator  and  the  apparatus  under  test  were  two 
sets  of  large  transformers. 

Fig.  16  was  taken  under  the  conditions  of  single-phase  secondary 
coil  coinciding  with  single-phase  primary  coil  at  the  instant 
when  the  prinaary  flux  was  maximum. 

The  primary  magnetizing  current  should  be  compared  with 
Fig.  3a  in  Mr.  Hellmund's  paper.  The  similarity  of  the  pri- 
mary current  wave  shape  here  shown  with  that  in  the  paper  will 
be  noted  except  that  infinite  values  are  modified  by  leakage, 
resistance  and  the  fact  that  the  coils  are  not  concentrated  in  a 
mathematical  point  as  is  assumed  in  the  paper. 

The  tertiary  voltage  wave  compares  with  Fig.  4c  of  the  paper. 
The  rotor  teeth  cause  a  varying  reluctance  which  in  turn  has 
produced  a  saw  tooth  effect  on  the  tertiary  voltage.  It  will  be 
noted  that  there  are  34  points  in  a  complete  cycle  and  we  used 
a  34-slot  rotor.  The  effect  of  the  rotor  teeth  does  not  show  in  the 
primary  voltage  because  this  voltage  is  impressed  and  the  counter 
e.m.f.  adjusts  itself  exactly.  The  tertiary  voltage  crosses  the 
zero  line  on  account  of  the  leakage,  resistance,  etc. 

Fig.  17  was  made  under  the  same  conditions  as  Fig.  16.  The 
primary  current,  the  primary  voltage  and  the  secondary  current 
are  shown. 

The  primary  magnetizing  current  is  the  same  as  in  Fig.  16. 
The  primary  voltage  is  also  the  same  as  in  Fig.  16  except  the 
scale  has  been  reduced. 

The  secondary  current  compares  with  Fig.  3b  of  the  paper 
except  that  infinite  values  do  not  appear  for  the  same  reasons  as 
mentioned  in  connection  with  the  primary  current  Fig.  l6.  Note 
the  strong  even  harmonics  which  are  indicated  by  the  difference 
in  the  positive  and  negative  wave  shapes. 
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Fig.  18  was  taken  with  single-phase  primary  and  single-phase 
secondary  coils  coinciding  at  the  instant  the  primary  flux  was 
zero.  It  will  be  noted  that  the  presence  of  the  rotor  teeth  is 
reflected  in  the  tertiary  voltage  and  primary  current. 

The  tertiary  voltage  shows  the  third  harmonic  with  the  funda- 
mental almost  missing.  If  the  primary  and  secondary  coils  had 
been  more  nearly  in  coincidence  when  the  primary  flux  was  zero 
the  fundamental  would  have  practically  disappeared. 

Fig.  19  was  taken  with  single-phase  primary  and  two-phase 
secondary.  One  secondary  coil  coinciding  with  primary  coil  at 
the  instant  of  maximum  primary  flux.  The  primary  current 
and  tertiary  voltage  wave  shapes  compare  with  Figs.  7a  and  8b 
in  the  paper.  The  effect  of  the  rotor  teeth  is  again  reflected  in 
the  primary  current  and  tertiary  voltage. 

The  primary  current  wave  shape  is  similar  to  Fig.  7a  in  the 
paper  except  infinite  values  are  modified  for  the  same  reasons  as 
previously  brought  out,  but  otherwise  the  shape  is  almost  iden- 
tical with  the  one  in  the  paper. 

The  tertiary  voltage  shape  compares  with  Fig.  8b  in  the  paper. 
It  is  rectangular  except  reflecting  the  effect  of  rotor  teeth.  The 
jog  in  the  middle  of  the  tertiary  wave  is  probably  caused  by  the 
element  load  of  the  oscillograph.  The  little  jog  in  the  primary 
current  may  possibly  be  due  to  the  same  cause  or  more  probably 
to  varying  reactances  caused  by  saturation. 

Fig.  20  was  taken  under  the  same  conditions  as  Fig.  19  and 
shows  the  secondary  current  in  each  phase.  This  oscillogram 
compares  with  7b  and  7c  in  the  paper  except  infinite  values  are 
modified  for  reasons  previously  stated.  It  will  be  noted  that  the 
secondary  currents  in  the  different  phases  not  only  vary  in  value 
but  also  in  form  and  in  this  particular  case  are  quite  different 
from  each  other. 

Fig.  21  was  taken  with  single-phase  primary  and  two-phase 
secondary.  One  secondary  coil  coinciding  with  the  primary 
coil  at  about  70  per  cent  maximum  flux,  that  is,  45  deg.  from  the 
position  in  which  Fig.  20  was  taken.  The  primary  ciurent  com- 
pares with  Fig.  9a  in  the  paper.  The  two  primary  current  peaks 
correspond  to  the  two  infinite  values  shown  in  the  paper.  The 
infinite  values  are  damped  out  by  leakage,   resistance,  etc. 

The  tertiary  voltage  compares  with  Fig.  10b.  It  is  rectangular 
in  shape  and  follows  the  zero  line  for  a  certain  distance.  This 
wave,  compared  with  the  previous  tertiary  voltage  waves,  illus- 
trates the  fact  that  the  wave  form  of  the  tertiary  voltage  varies 
with  the  rotor  position,  although  the  effective  value  (voltmeter 
value)  remains  unchanged.  The  effect  of  rotor  teeth  is  again 
reflected  in  the  tertiary  voltage. 

Fig.  22  was  made  under  the  same  conditions  as  Fig.  21 
and  shows  both  of  the  secondary  currents.  This  oscillo- 
gram compares  with  Fig.  9b  and  9c  in  the  paper.  It  will  be 
noted  that  the  shapes  of  the  two  current  waves  are  similar  and 
that  one  is  the  image  of  the  other,  i.  e,  the  round  part  follows  the 
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Straight  part  in  one  wave  whereas  in  the  other  the  straight  part 
follows  the  round  part.  It  will  be  noted  that  the  negative  areas 
are  equal  to  the  positive  areas  which  is  one  of  the  fundamental 
facts  on  which  calculations  in  the  paper  are  based. 

Fig.  23  was  made  with  single-phase  secondary  coil  coinciding 
with  single-phase  primary  coil  when  primary  flux  was  approxi- 
mately 70  per  cent  of  its  maximum  value,  about  half  way  be- 
tween Figs.  16  and  17  and  shows  the  primary  voltage  and  current 
and  tertiary  voltage.  This  oscillogram  has  no  equivalent  in  the 
paper  but  is  interesting  in  that  it  shows  the  primary  current  wave 
shape  can  be  unsymmetrical  depending  upon  the  position  of  the 
rotor  coils.  All  the  previous  oscillograms  of  the  primary  current 
showed  a  symmetrical  wave  shape.  The  tertiary  voltage  shows 
a  strong  third  hannonic. 

The  object  of  these  oscillograms  was  to  illustrate  that  the 
methods  used  in  the  paper  were  correct  and  not  to  illustrate 
actual  conditions  in  machines  that  are  manufactured  today. 
Having  illustrated  the  correctness  of  the  fundamental  principles 
used  in  the  paper  for  the  simplest  form  of  machine  it  is  reasonable 
to  assume  that  these  same  principles  when  applied  to  modem 
machinery  will  give  the  correct  results.  These  oscillograms 
therefore  are  a  practical  demonstration  of  the  operations  of  the 
fundamental  principles  used  by  Mr.  Hellmund  in  his  paper  and 
are  not  to  be  used  in  determining  the  wave  shapes  in  practical 
machinery. 

R.  E.  Hellmund:  Various  suggestions  regarding  other 
methods  for  investigating  the  subject  have  been  made;  As 
already  emphasized  by  the  discussion,  the  choice  of  method  is  a 
question  of  taste  and  will  depend  largely  upon  the  mental  equip- 
ment and  upon  the  mathematical  tools  which  are  at  the  disposal 
of  the  engineers  studying  the  problems.  There  is  no  doubt 
whatsoever  but  that  a  student  who  is  familiar  with  the  working 
principles  of  a  polyphase  motor  and  desires  to  obtain  simply  a 
clear  physical  conception  of  the  single-phase  induction  motor 
and  its  working  principles  can  get  what  he  wants  by  carefully 
studying  Mr.  Lamriie's  paper.  The  designer  of  single-phase 
machines  and  phase  converters,  however,  needs  something  more 
for  his  work  than  a  physical  conception.  It  is  necessary  for 
him  to  have  formulas  by  which  he  can  predetermine  machine 
performance  with  a  fair  degree  of  accuracy;  further  he  should 
have  a  general  idea  of  what  are  the  best  ratios  between  the  num- 
bers of  primary  and  secondary  slots;  what  is  the  best  practical 
winding  distribution  for  the  primary,  and  so  on;  in  other  words, 
he  should  know  enough  to  choose  the  most  favorable  combina- 
tions and  keep  away  from  poor  combinations  which  cause  un- 
necessary copper  losses,  eddy  losses,  etc.  It  has  been  the  pur- 
pose of  my  paper  to  furnish  information  of  this  kind.  The  same 
or  similar  results  can  undoubtedly  be  obtained  by  the  more 
mathematical  methods  intimated  by  Mr.  Fortescue  and  pos- 
sibly by  methods  mentioned  by  Mr.  Slepian.     In  writing  my 
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paper  I  made  it  a  special  point,  however,  to  start  in  with  a  few 
very  simple  cases.  The  study  of  these  cases  requires  nothii^ 
but  the  knowledge  of  two  or  three  of  the  simplest  and  most 
fimdamental  laws  which  everybody  who  is  an  electrical  engineer 
must  know,  as  for  instance,  one  of  the  Kirchhoff  laws,  the  law  of 
magnetic  induction,  etc.  The  only  other  thing  necessary  for 
these  cases  is  the  ability  to  solve  two  or  three  equations  of  the 
simplest  kind  with  two  or  three  unknown  quantities.  By  giving 
these  simple  cases  first,  I  had  hoped  to  enable  any  interested 
party  to  understand  the  fundamental  features  of  the  methods 
used  in  the  paper.  After  going  that  far,  the  reader  can  either  go 
on  or  content  himself  with  studying  merely  the  conclusions 
reached  in  the  paper  for  the  practical  cases  and  using  the  formulas 
given,  having,  however  the  satisfaction  of  knowing  in  a  general 
way  how  they  have  been  derived.  I  adopted  this  procedure 
realizing  that  unfortunately  the  average  designing  engineer  is 
as  a  rule  rather  rusty  in  mathematics  and  other  subjects. 

On  the  other  hand,  there  is  no  doubt  but  that  the  methods 
indicated  by  Mr.  Fortescue  by  which  he  proposes  to  go  directly 
after  a  broad  general  solution  taking  everything  into  account  to 
start  in  with  is  a  more  elegant  way  of  attacking  the  problem  and 
undoubtedly  the  one  which  will  appeal  to  the  man  who  has  the 
required  mental  aptitude  and  the  mathematical  tools  at  his 
disposal.  I  had  hardly  expected  that  my  method  of  starting  in 
with  a  very  simple  case  and  building  up  slowly,  considering  the 
various  factors,  one  by  one,  wotdd  appeal  to  men  who  are  well 
equipped  to  handle  more  diificult  problems.  I  am  confident, 
however,  that  the  average  designing  engineer  will  prefer  to  start 
the  problem  slowly  with  simple  means  and  then  progress  to  the 
more  complicated  case  as  far  as  required  for  his  purposes. 
The  fact  that  the  problems  discussed  in  my  paper  do  not  come 
any  too  easily  to  a  great  niunber  of  engineers  is  evidenced  by  the 
fact  that  so  far  as  I  know,  nobody  has  previously  even  attempted 
to  study  the  case  much  in  detail.  It  is  fortunate  that  in  the 
near  future  we  will  have  a  paper  by  Mr.  Fortescue  on  a  similar 
subject  but  using  other  methods,  thereby  enabling  everybody 
to  take  their  choice  between  the  two  different  methods. 

B.  G.  Lamme:  I  think  I  stated  pretty  definitely  in  my 
paper  that  it  is  not  intended  as  a  method  of  calculation,  but  is 
merely  an  attempt  to  give,  in  as  simple  form  as  possible,  a 
physical  conception  of  what  is  going  on  in  the  motor.  Also  the 
general  treatment  is  not  claimed  as  novel  or  original.  There  is 
a  very  large  class  of  people  which  is  interested  in  the  single-phase 
induction  motor  and  would  like  to  have  some  idea  of  its  action, 
but  either  cannot  or  will  not  follow  any  mathematical  con- 
ception or  analysis.  Twenty-one  years  ago,  I  wrote  a  paper 
on  the  characteristics  of  the  polyphase  motor.  At  the  time  that 
motor  was  not  very  well  understood  except  by  a  few  engineers. 
I  spent  a  great  many  months  of  hard  work  trying  to  explain  the 
properties  of  the  polyphase  motor  and,  in  doing  so,  I  used  con- 
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siderable  mathematics.  However,  the  criticism  brought  against 
that  paper  dtaring  its  preparation,  by  a  ntimber  of  people  to  whom 
I  referred  it,  was  that  they  did  not  like  the  mathematics  in  it 
and  I  was  asked  to  leave  out  all  formulas  and  equations.  This 
I  succeeded  in  doing  after  much  effort  and  the  general  public 
gave  this  paper  a  kindly  reception,  largely  on  accotmt  of  the 
absence  of  mathematics  in  its  treatment.  I  felt,  therefore,  that 
a  similar  treatment  of  the  subject  of  the  single-phase  induction 
motor  might  be  of  some  value  to  that  portion  of  the  electrical 
public  which  does  not  care  to  consider  papers  of  a  mathematical 
nature. 

Discussion  at  New  York 
M.  I.  Pupin:  We  have  to  look  upon  the  induction  motor 
from  two  different  points  of  view;  one,  from  the  point  of  view  of 
the  designer,  and  the  other  from  the  point  of  view  of  the  operator. 
The  operator  wants  to  have  a  motor  which  is  capable  of  a  certain 
performance  tmder  certain  conditions,  and  the  designer  wants 
to  know  how  to  design  a  motor  that  will  give-  the  performance 
imder  those  conditions. 

To  design  a  motor  you  have  to  proceed,  of  course,  from  certain 
elements  of  the  motor.  Now,  what  are  the  ele- 
ments of  an  induction  motor  or  any  piece  of 
dynamo-electric  machinery.  Why,  its  electric 
and  its  magnetic  circuits.  That  is  all  we  have 
to  guide  us,  the  constants  of  the  electric  and  of 
the  magnetic  circuits;  they  are  the  resistance, 
inductance,  and  capacity  of  each  circuit  which  is 
Pig  24  employed  in  the  structiu-e.  The  question  arises, 
how  are  we  to  define  these  constants  of  the  various 
circuits.  The  answer  to  that  question  is  simple.  You  have  to 
define  them  as  Maxwell  defined  the  constants  of  a  circuit.  The 
attempts  of  ordinary  mortals  to  do  better  than  Maxwell  did, 
must  be  discouraged.  Let  us  follow  Maxwell  as  long  as  we  can, 
then  when  somebody  is  bom  who  is  more  profotmd  than  Max- 
well, we  will  bow  to  him,  but  for  the  present,  I  think  Maxwell 
is  the  leader. 

Maxwell  defines  the  constants  of  a  circuit — the  resistance 
of  the  circuit,  the  capacity  of  the  circuit,  and  the  inductance 
for  the  circuit — in  such  way  that  the  action  of  neighboring 
circuits  is  not  taken  into  account.  Let  Fig.  24  indicate  an  in- 
duction motor,  with  the  rotor  circuit  D  and  stator  circuit  ABC, 
What  is  the  inductance  of  the  primary  winding  ABC?  It  is 
the  inductance  which  it  would  have  when  the  secondary  wind- 
ing D  is  open.  That  is  the  only  satisfactory  way  of  defining  it; 
not  the  effective,  but  the  value  which  is  found  when  the  second- 
ary is  open,  and  that  you  can  calculate,  of  course,  from  the 
number  of  turns  and  from  the  constants  of  the  magnetic  circuit. 
In  the  same  way,  the  primary  resistance  is  the  resistance  which 
is  obtained  with  that  electromotive  force  which  we  intend  to 
apply,  but  the  secondary  circuit  is  supposed  to  be  open.  The 
same  thing  is  true  for  the  other  circuits. 
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The  elements,  then,  of  the  circuit  which  we  must  have  in  order  to 
construct  a  theory  which  the  designer  can  use,  are  the  inductance, 
the  resistance,  and  the  capacity  of  each  electrical  circuit,  when 
the  other  circuits  are  open,  Now,  when  we  do  that,  and  intro- 
duce the  further  condition  that  the  primary  and  secondary 
currents  produce  a  magnetic  field,  which  has  a  sinusoidal  dis- 
tribution, then  the  mathematical  theory  of  the  single-phase 
induction  motor  becomes  very  simple;  indeed,  remarkably 
simple,  so  that  anybody  who  knows  the  elements  of  the  theory 
of  the  electrical  circuit  can  sit  down  and  work  it  out.  An  under- 
graduate can  work  it  out — when  once  he  is  shown  how  to  do  it. 

Now,  what  does  that  simple  theory  show?  It  shows  that 
we  have  two  magnetic  fields  produced  by  the  rotor  currents. 
The  presence  of  these  two  magnetic  fields,  rotating  in  opposite 
directions,  is  not  a  theory;  it  is  a  fact.  We  do  not  have  to  make 
an  assumption  of  that  kind  at  all.  It  is  a  fact,  from  which  you 
cannot  escape.  You  have  in  each  secondary  winding  two  alter- 
nating currents.  Take  an  oscillograph  and  photograph  the  e.  m.  f. 
in  the  secondary  winding,  and  you  will  find  that  it  consists 
of  two  components  of  different  frequencies;  one,  which  I  call 
the  additive  frequency  and  another  which  I  call  the  differential 
frequency.  If  you  impress  an  e.  m.  f.  of  60-cycles  upon  the 
primary  or  stator  circuit  and  the  motor  rotates  fifty-five  times 
per  second,  you  will  have  in  the  secondary  windings  two  fre- 
quencies, one  of  frequency  60  plus  the  speed  of  rotation,  which 
is  55,  and  that  makes  the  additive  frequency  115,  and  the  other 
60,  minus  55,  which  is  5,  that  is  to  say  the  differential  frequency 
is  5  periods  per  second.  By  photographing  suitably,  you  will  find 
that  these  two  frequencies  are  distributed  in  such  a  way  that  the 
additive  frequency  of  115  periods  per  second  produces  a  rotary 
magnetic  field  rotating  contrary  to  the  motion  of  the  rotor,  and 
the  differential  frequency  produces  a  rotation  in  the  direction 
of  the  rotor.  It  is  assumed,  of  course,  that  the  rotor  has  a 
symmetrical  winding. 

The  differential  frequency  is  the  working  frequency — it  is 
the  busy  bee,  the  bee  that  makes  the  honey,  and  the  additive 
frequency  is  the  drone  which  produces  the  drag  and  tends  to 
stop  the  rotor.  The  additive  frequency  produces  a  rotation  in 
opposite  direction  to  the  motion  of  the  rotor,  tr>ang  to  stop  it; 
it  is  a  brake.  The  differential  frequency  produces  a  rotation  in 
the  direction  of  the  rotor  motion;  it  pulls  the  rotor  and  thus 
produces  mechanical  work.  So  that  the  presence  of  two  rotary 
magnetic  fields  is  not  a  theory  resting  upon  a  lucky  guess;  it  is 
an  actual  physical  fact.  It  is  not  necessary  to  assume  two  rotary 
magnetic  fields  produced  by  the  stator  current  at  all ;  in  fact,  they 
have  no  physical  existence;  but  the  presence  of  two  rotary 
magnetic  fields  produced  by  the  rotor  currents  is  a  fact.  That 
is  what  the  mathematical  theory  gives  you,  and  that  is  what 
experiments  show  to  be  actually  the  case.  So  much,  then, 
for  the  mathematical  theory. 
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Now,  the  mathematical  theory,  following  the  methods  of  Max- 
well, which  he  first  pointed  out  in  a  very  simple  and  elegant  way 
in  1865,  suggests  that,  just  as  Maxwell  defined  the  performance 
of  a  transformer  by  means  of  its  effective  inductance  and  effec- 
tive resistance — I  shall  define  these  presently — so  you  can  in 
the  case  of  an  induction  motor  describe  the  performance  of  a 
motor  by  finding  out  the  effective  inductance  and  the  effective 
resistance  of  the  primary  winding,  which  is  the  winding  where 
the  impressed  force  is  located. 

If  that  were  possible,  it  would  be  a  very  convenient  thing  to 
do,  namely,  to  consider  first  the  ideal  inductance,  the  resistance 
and  capacity  of  the  various  circuits  of  the  motor,  and  from  these 
to  calculate  what  is  the  effective  resistance  and  the  effective 
inductance  of  the  motor  under  various  conditions  of  load.  A 
comparison  between  this  calculation  and  experiment  must  of 
course  follow.  The  calculation  is  the  same  which  Maxwell 
first  applied  in  the  case  of  a  transformer. 

The  question  arises  then,  how  are  we 
going  to  perform  the  experiment?  Very 
simply, — when  you  know  how  to  do  it. 
We  use  the  Wheatstone  bridge.  We 
actually  take  the  motor  and  put  it  in  a 
Wheatstone  bridge.  Several  years  ago, 
about  ten  years  ago,  I  was  giving  a  short 
talk  to  the  Radio  Engineers,  at  their  re- 
quest and  I  told  them  that  one  of  the 
simplest  ways  to  determine  the  performance 
of  an  aerial  is  to  determine  its  effective  re- 
Fig.  26  sistance  and  its  effective  inductance  under 
various  conditions  by  means  of  a  Wheat- 
stone Bridge.  They  are  doing  it  now  in  this  manner,  at  any  rate 
some  of  them,  and  thousands  of  Wheatstone  bridges  for  aerial 
work  have  been  made  and  I  hope  that  some  day  we  will  make 
thousands  of  Wheatstone  bridges  for  the  study  of  induction 
motors,  both  single-phase  and  polyphase. 

Now,  if  you  will  allow  me  I  shall  amplify  a  little  because 
the  subject  of  the  single-phase  induction  motor  has  grown  to 
be  much  bigger  than  some  of  us  think.  Take  the  well  known 
arrangement  of  the  Wheatstone  bridge,  indicated  in  Fig.  25 
K  is  an  inductance,  Hand  I  are  resistances,  and  between  E  and  F 
we  may  introduce  anything  we  wish  to  measure  by  the  in- 
dicated Wheatstone  bridge  arrangement.  The  two  points 
E  F  may  be  points  through  which  power  is  sent  anywhere,  to 
a  whole  district  beyond  E  F.  If  we  wish  to  know  how  much 
power  is  consumed  in  the  district  and  at  what  efficiency  all  you 
have  to  do  is  to  connect  them  to  the  Wheatstone  bridge  and 
measure  the  effective  resistance  and  effective  inductance  of 
that  whole  district  and  from  the  two  you  can  calculate  every- 
thing else.  In  the  same  manner  if  you  put  the  primary  of  an  in- 
duction motor  between  E  and  F  you  can  measure  its  effective 
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inductance  and  effective  resistance  at  various  speeds,  and  you 
get  curves  sonfiething  like  those  in  Fig.  26.  *  In  this  figure  the 
abscissas  measure  the  ratio  of  rotor  speed  to  frequency  speed 
of  the  impressed  e.  m.  f.,  the  ordinates  give  the  values  of  the 
effective  resistance  (curve  R)  and  of  the  effective  inductance 
(curve  L).  The  effective  resistance  starts  at  a  certain  value, 
goes  up,  and  is  at  a  maximum  a  little  before  synchronous  speed 
is  reached;  this  is  also  the  approximate  location  of  the  maximum 
torque.  The  effective  inductance  is  represented  by  the  curve  L. 
From  these  two  you  can  calculate  everything  else.  I  have 
done  it,  and  it  works  like  a  charm.  You  can  do  that  for  a  single- 
phase  induction  motor,  and  you  can  do  it  for  a  polyphase  in- 
duction motor,  with  this  distinction — that  the  bridge  for  a 
polyphase  motor  is  not  quite  as  simple  as  that  for  a  single- 
phase  motor,  but  it  can  be  done,  and  it  can  be  done  in  very 
simple  fashion;   the  method  is  very  accurate. 


Fig.  26 


Pig.  27 


You  will  find  that  the  mathematical  theory  following  strictly 
the  simple  method  of  Maxwell  gives  you  results,  which  agree 
with  the  theory  very  closely,  so  close  that  the  experimental 
points  obtained  on  the  cur\'^e  agree  with  the  theory  remarkably 
well,  particularly  when  feeble  magnetizations  are  employed 
such  as  I  used  in  my  work.  Of  course,  as  I  have  already  said, 
all  is  based  on  the  fact  that  we  are  dealing  with  a  sinusoidal 
distribution  of  the  magnetic  flux,  and  that  is  not  a  serious 
limitation,  because  most  induction  motors  have  a  distribution 
of  flux  which  approaches  the  sinusoidal  very  closely. 

That  being  so,  then,  it  makes  the  theory  very  acceptable. 
And  why  is  the  theory  so  desirable?  It  is  desirable,  because, 
so  far  as  I  know,  it  is  the  simplest  method  that  can  be  put  in 
the  hands  of  a  designer  of  single-phase  or  polyphase  induction 
motors.  But  that  is  only  one  reason.  The  other  reason  is  that 
it  really  presents  the  whole  theory  in  a  much  simpler  way  than 
anything  I  have  heard  of  before;  simpler  even  than  the  simple 
presentation  which  Mr.  Lamme  gave  this  evening,  although  I 
must  say,  that  when  I  come  to  read  his  paper  a  little  more  closely, 
it  may  perhaps  not  be  quite  as  simple  as  he  made  it. 
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You  know  the  action  of  a  single-phase  induction  motor  is 
extremely  similar  to  the  action  of  a  vacuum  tube  amplifier, 
particularly  those  vacuum  tubes  which  are  used  today  as  os- 
cillators. One  of  the  most  beautiful  recent  inventions,  made  by 
a  student  of  mine,  Mr.  E.  Armstrong,  is  the  pliotron  oscillator; 
that  is  really  a  wonder.  I  am  digressing,  I  Imow,  but  the  sub- 
ject is  connected  with  the  action  of  the  single-phase  induction 
motor,  and  therefore,  the  digression  is  permissible. 

Fig.  27  is  a  diagram  of  a  vacuum  tube  invented  by  Mr.  De 
Forest  about  twelve  years  ago.  It  is  a  vacuum  tube,  with  a 
third  electrode,  which  is  called  the  grid.  2  is  the  cold  positive  and 
1  is  the  hot  negative  electrode.  This  electrode  is  a  tungsten 
filament  heated  by  battery  5,  and  battery  4  maintains  the  elec- 
tron current  between  1  and  2.  7  and  8  are  the  inductance  and 
the  capacity  of  a  separate  circuit  which  is  coupled  by  mutual 
induction  to  the  circuit  2,  4,  6,  1,  through  which  the  electron 
current  circulates.  Circuit  7,  8  has  a  period  of  its  own  depending 
upon  its  capacity  8  and  its  inductance  7  in  the  well  known  way. 
When  the  oscillations  are  started  they  will  not  die  out  if  the 
inductive  relation  between  7  and  6  are  suitably  adjusted  but 
will  continue  until  the  power  of  battery  4  is  used  up.  They  are 
so  persistent  and  so  steady  that  the  period  of  oscillation  will 
not  change  more  than  one-tenth  of  one  per  cent  for  a  whole  day. 
Lately  we  have  been  operating  a  circuit  like  that,  and  one  of 
the  mechanicians  watched  it  a  whole  afternoon  to  see  that 
nothing  happened  to  the  apparatus;  he  did  not  touch  it  during 
the  whole  afternoon  and  the  period  was  not  changed  one-tenth  of 
one  per  cent ;  it  gave  90,000  periods  per  second.  It  is  a  wonderful 
piece  of  apparatus,  and  the  invention  consists  in  introducing  this 
energizing  circuit  in  inductive  relation  with  this  oscillating 
circuit,  and  that  is  what  Mr.  Armstrong  did. 

It  was  not  accidentally  that  Armstrong  made  this  invention. 
He  was  working  in  my  laboratory  where  the  theory  of  the  induction 
motor  was  developed  by  experimental  tests,  and  he  heard  my  lec- 
tures on  the  subject  and  applied  it,  perhaps  unconsciously,  to  the 
action  of  pliotrons  in  which  he  was  interested.  I  will  make  now  a 
comparison  between  the  two  actions.  When  the  rotor  passes  be- 
yond synchronous  speed,  then  as  you  see  from  Fig.  26  you  get 
negative  effective  resistance.  Negative  resistance  sounds  very 
strange  but  it  is  simple  enough  when  you  stop  to  think  about 
it.  Of  course,  you  cannot  measure  directly  in  a  Wheatstone 
bridge  a  negative  resistance.  It  means  that  we  have  to  intro- 
duce a  sufficient  amount  of  positive  resistance  to  prevent  the 
occurrence  of  trouble  in  the  bridge,  which  I  will  describe  presently. 

Consider  now  the  primary  effective  inductance  a  6,  an 
effective  resistance  be  in  Fig.  26.  Insert  a  capacity  in  the  prim- 
ary, in  multiple  or  in  series  with  the  inductance  so  as  to  overcome 
this  inductance  and  introduce  a  resistance  in  series  so  that  you 
will  have  in  the  primary  winding  zero  inductance  and  zero 
resistance,  what  i^ill  happen?     You  may  say  that  this  is  an 
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absurdity.  It  is  not.  It  is  true  that  you  never  can  have  a 
current  equal  to  infinity;  but  the  current  starts  toward  infinity, 
but  pretty  soon  the  pole  pieces  are  drawn  toward  the  armature, 
and  the  belt  thrown  off  and  the  machine  stops.  Theory  and 
experiment  actually  agree  in  that  case. 

Another  thing  which  happens  is  this;  when  you  introduce 
this  capacity  to  overcome  the  effective  inductance  the  current 
grows  and  the  magnetization  gets  so  strong  that  the  inductance 
changes  on  account  of  the  change  of  the  permeability;  the 
effective  resistance  increases  also,  so  that  the  critical  relation 
which  demands  an  infinite  current  is  upset.  Now,  the  point 
which  I  wish  to  bring  out  is  this :  Under  the  conditions  specified 
above,  the  primary  circuit  has  a  period  of  its  own;  it  is  that 
due  to  inductance  a  6  in  Fig.  26  and  the  capacity  inserted, 
oscillations  being  started  in  this  circuit  will  be  maintained  if 
the  effective  resistance  is  negative,  that  is  if  the  power  put 
into  the  circuit  by  the  rotation  of  the  rotor  is  equal  to  or  greater 
than  the  power  consumed  by  the  circuit.  The  conditions  then 
under  which  these  oscillations  are  produced  by  putting  power 
into  the  circuit  are  determined  by  the  two  curv'-es  in  Fig.  26. 

In  the  same  way,  if  at  A  you  break  circuit  7,  8  Fig.  27  and  con- 
nect the  two  terminals  to  £  f  of  the  Wheatstone  bridge,  Fig.  25 
then  apply  an  alternating  electromotive  force,  varying  gradually 
its  frequency  and  determine  the  effective  resistance  and  the 
effective  inductance  of  circuit  7,  8,  you  will  get  curves  which 
are  almost  exactly  like  the  two  curves  in  Fig.  26  and  you  can 
tell  that,  as  soon  as  the  effective  resistance  begins  to  be  nega- 
tive for  a  given  frequency,  the  circuit  will  act  as  an  oscillator 
in  consequence  of  the  power  supplied  by  battery  4. 

This  battery  performs  the  same  function  as  the  mechanical 
power  does  which  turns  the  rotor.  The  period  is  determined 
in  this  case  in  the  same  way  as  in  the  other,  and  therefore  the 
two  phenomena  are  the  same  with  this  difference,  however, 
that  whereas  you  can  produce  with  the  vacuum  tube  any 
frequency,  you  cannot  produce  it  with  the  single-phase  induc- 
tion motor  because  you  are  limited  by  the  speed  of  rotation. 

It  is  a  difficult  undertaking  to  design  a  dynamo-electric  ma- 
chine that  will  give  you  10,000  periods  per  second,  to  say  nothing 
of  50,000  periods  per  second  or  even  more,  whereas  here  in  the  case 
of  the  vacuum  tube  we  are  not  limited,  and  we  can  get  any  frequen- 
cies depending  on  the  inductance  7  and  the  capacity  8  and  the 
coupling  of  circuit  7,  8  to  the  rest  of  the  system.  Pliotrons 
are  made  with  1000  volts  applied  between  1  and  2  which  will 
easily  give  you  10,000  volts  in  7,  8,  and  a  frequency  anywhere 
between  50  and  1,000,000,  and  power  up  to  150  watts,  from  one 
single  pliotron.  That  is  a  great  deal  of  power  at  1,000,000 
cycles,  and  it  will  give  you  a  perfectly  satisfactory  alternating 
electromotive  force  so  steady  that,  as  I  said,  the  frequency 
would  not  change  more  than  one-tenth  of  one  per  cent  for  hours. 

The  fact  that  the  theory  of  the  induction  motor  which  I 
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described  to  you  as  developed  along  the  lines  first  drawn  by  Max- 
well gives  correct  results,  which  not  only  agree  with  the  actual 
performance  of  the  induction  motor,  but  enable  you  to  predict 
what  will  happen  tmder  certain  conditions  you  never  thought  of, 
shows  that  the  theory  is  correct,  because  after  all,  the  supreme 
test  of  a  theory  is  whether  it  can  prophesy  or  not,  and  this  theory 
can  prophesy  results  which  otherwise  would  not  have  been 
thought  of. 

The  fundamental  physical  conception  in  the  theory  is  the 
presence  of  the  two  rotary  magnetic  fields  rotating  in  opposite 
directions,  as  Mr.  Lamme  pointed  out.  These  contrary  mag- 
netic fields,  as  I  said,  are  not  a  theory,  they  are  an  actual,  physical 
fact,  and  they  exist  there,  and  you  must  accept  them,  because 
the  oscillograph  shows  their  presence. 

E.  F,  W.  Alezanderson:  The  single-phase  motor  has  been 
the  subject  of  perhaps  more  theoretical  speculation  than  any 
other  dynamo-electric  machine,  and  the  reason  for  this  is,  tm- 
doubtedly  that  it  is  in  its  functioning,  the  most  complicated  of 
all  dynamo-electric  machines,  although  in  its  structure  it  is  the 
simplest  of  them  all.  If  we  are  to  have  a  thorough  understanding 
of  any  dynamo-electric  machine  I  believe  it  is  necessary  to  form 
a  mental  picture  of  the  real  physical  relations  between  every 
volt  and  ampere  and  line  of  force  that  exists  in  the  machine, 
that  is  particularly  difficult  in  the  case  of  the  induction  motor, 
and  the  approximations  to  a  mental  picture  that  we  are  able  to 
draw  depend  upon  personal  preference  to  a  great  extent. 

Mr.  Lamme  has  given  us  a  theory  which  is  very  clearly 
stated  and  very  easy  to  follow,  and  no  doubt  will  prove  of  great 
value  for  students  of  the  technique.  However,  as  I  said,  for 
academic  reasons  it  may  be  worth  while  pointing  out  that  al- 
though the  theory  Mr.  Lamme  gives  is  for  all  practical  purposes 
accurate  enough  for  induction  motors,  it  is,  after  all,  an  approxi- 
mate theory,  and  I  intend  to  show  to  what  degree  it  is  approxi- 
mate and  how  it  differs  from  an  exact  theory. 

The  theory  of  the  single-phase  induction  motor  has  been 
treated  on  the  basis  of  two  rotating  magnetic  fields,  and  I  was 
going  to  say  that  those  fields  are  a  mathematical  abstraction. 
Prof.  Pupin  told  us  they  should  not  be  regarded  so.  Now,  with 
the  qualifications  that  he  made,  we  may  accept  that,  because  he 
claims  that  they  are  in  existence  only  in  the  rotor,  but  not  as  we 
ordinarily  assume,  in  the  stator.  There  is,  however,  one  state- 
ment in  connection  with  the  theory  of  the  single-phase  induction 
motor  that  represents  the  actual  physical  facts,  and  that  is  the 
discovery  of  Mr.  Behrend  that  the  single-phase  motor  can  be 
replaced  by  two  polyphase  motors  in  series. 

Starting  with  this  discovery  as  a  premise,  we  can  draw  a  few 
logical  conclusions  and  arrive  at  practically  the  same  result  as 
Mr.  Lamme  has,  although  these  conclusions  will  show  just  what 
discrepancy  there  is. 

I  have  prepared  a  diagram  showing  in  one  composite  picture, 
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Fig.  28,  what  these  relations  are.  This  diagram  has  exactly  the 
same  form  as  the  well-known  Behrend-Heyland  circle  diagram, 
although  it  is  to  be  interpreted  a  little  differently.  The  acttial 
physical  substitution  that  Mr.  Behrend  has  made  is  that  we 
asstmie  that  we  put  on  a  motor  two  windings  on  one  phase  and 
two  windings  on  the  other  phase.  We  may  assume  that  we  feed 
the  windings  on  the  first  phase  with  one  ampere  from  one  single- 
phase  alternator,  and  feed  the  windings  of  the  other  phase  with 
one  ampere  from  another  single-phase  alternator  in  quarter- 
phase  relation.  The  two  second  phase  windings  are  in  opposi- 
tion, and  therefore  the  second  alternator  has  absolutely  no 


Fig.  28 — Inverted  Circle  Diagram  for  Single- 
Phase  iNDrcTiON  Motor  and  Generator 
Showing  Voltages  Developed  with  Constant 
Current  Applied 


Single  Phase 
Aftemator 


Fig.  29 


inductive  effect  upon  the  motor.  The  primary  alternator 
delivers  the  power  to  the  motor  exactly  as  it  does  in  the  single- 
phase  motor.  However,  the  combination  Fig.  29  of  winding  A 
with  its  current,  and  winding  D  with  its  current  is  a  real  poly- 
phase winding  with  the  rotation  in  one  direction.  The  combina- 
tion of  winding  B  with  its  current,  and  winding  C  with  its  current 
is  the  real  polyphase  winding  with  the  rotation  in  the  opposite 
direction.  If  we  apply  the  current  separately  to  windings,  A 
and  D,  first  we  get  certain  voltage  reactions;  if  we  apply  the 
current  to  windings  B  and  C,  aftervv^ards  we  get  certain  other 
voltage  reactions^upon  the  total  winding. 
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This  circuit  follows  the  same  law  as  the  other  alternating 
current  circuit,  that  is,  the  application  of  voltage  reactions  from 
two  sources,  will  combine  vectorially,  and  therefore,  the  com- 
bined voltage  reaction  must  necessarily  be  the  vectorial  siun  of 
the  two  individual  voltage  reactions.  The  voltage  reactions  of 
each  of  the  polyphase  motors  can  be  calculated  by  well-known 
methods,  and  the  calculation  is  most  directly  expressed  in  the 
Behrend-Heyland  circle  diagram.  That  diagram  shows  what 
currents  flow  with  a  constant  voltage  applied.  I  have  inverted 
the  diagram  showing  what  voltages  are  produced  with  a  constant 
current  applied.  We  must  do  this  in  order  to  get  a  composite 
picture,  because  the  windings  are  in  series,  and  we  cannot 
combine  the  currents,  but  must  combine  the  voltages. 

The  proof  why  the  inverted  or  voltage  diagram  has  the  same 
§hape  as  the  current  diagram  is  a  simple  proposition  of  geometry 
which  I  will  give  as  a  supplement  to  the  written  discussion. 

On  the  basis  of  the  known  relations  in  a  polyphase  motor, 
referring  to  the  inverted  diagram,  0  £  is  the  magnetizing  voltage, 
0  F  is  the  short-circuit  voltage,  and  0  G  is  the  normal  load 
voltage  for  forward  rotation.  OH  is  the  voltage  for  backward 
rotation.  Now,  we  let  one  ampere  flow  from  alternator  /,  and 
one  ampere  flow  from  alternator  7,  in  windings  A^  B^  C  and  D, 
The  voltage  in  the  forward  winding  is  0  G.  The  voltage  in  the 
backward  winding  is  0  H.  Therefore,  the  combined  voltage  is 
the  vectorial  sum  of  voltage  0  G  and  voltage  0  ff  and  that  means 
OK. 

Mr.  Lamme's  theory  has  assumed  that  the  voltages  combine 
arithmetically,  as  shown  in  that  diagram,  so  we  are  not  very  far 
from  the  truth  to  assume  that  it  is  the  arithmetic  sum,  but  after 
all  that  is  not  theoretically  correct.  If,  however,  we  drive  the 
machine  over  synchronous  speed,  then  one  of  the  motors  consumes 
energy  and  the  other  begins  to  generate.  That  means  the  power 
factors  of  the  two  motors  are  opposed — Prof.  Pupin  would  say 
one  has  positive  resistance  and  the  other  has  negative  resistance. 
Then  the  diagram  becomes  entirely  different,  and  it  is  not  correct 
to  assume  we  can  take  the  arithmetic  sum.  As  seen  here,  0  L 
is  the  voltage  of  the  motor  with  the  negative  resistance,  and  0  H 
is  the  voltage  of  the  motor  with  the  positive  resistance.  0  M 
is  the  vectorial  combination.  The  two  vectors  are  nearly  at 
right  angles,  and  the  vectorial  combination  represents  the  accu- 
rate solution,  whereas  the  arithmetical  sum  is  in  this  case  not 
even  an  approximation. 

I  had  the  opporttmity  to  direct  the  designing  of  the  first  phase 
balancer  installation,  the  successful  completion  of  which  was 
reported  to  the  Institute  in  1915,  and  in  the  processes  of  this 
imdertaking  I  succeeded  in  making  clear  to  a  number  of  asso- 
ciates not  only  the  function  of  the  phase  converter,  but  how 
they  can  be  designed  and  how  automatic  control  apparatus 
could  be  worked  out  for  automatic  balancing  of  the  voltages, 
and  I  found  that  in  those  processes  it  was  not  necessary  to  go 
into  very  elaborate  theoretical  explanations. 
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B.  A.  Behrend:  From  Prof.  Pupin's  remarks  one  might  easily 
be  led  to  the  impression  that  the  theory  of  alternating-current 
apparatus  did  not  now  follow  the  conceptions  laid  down  by 
Maxwell.  It  need  hardly  be  said  that  this  is  not  the  case  and 
that  Maxwell's  work  underlies  all  our  alternating-current  theory. 
When  Prof.  Pupin  tells  us  how  he  uses  the  Wheatstone  bridge  to 
measure  the  quantities  which  we  measure  in  practise  with  am- 
meters and  voltmeters,  it  is  just  a  little  professional  mystery 
injected  into  a  subject  which,  on  account  of  its  inherent  com- 
plexity, can  readily  dispense  with  it. 

Mr.  Alexanderson  shows  how  to  obtain  the  operating  charac- 
teristics of  the  single-phase  induction  motor  for  constant  current 
and  using  the  method  of  inversion  or  of  images,  first  used  by 
Lord  Kelvin,  and  since  frequently  applied  by  Dr.  Bedell,  Dr. 
Steinmetz,  and  the  speaker.  As  it  was  proved  in  the  case  of 
the  polyphase  induction  motor  that  the  locus  of  the  primary 
current  at  constant  voltage  is  a  circle,  so  I  proved  twenty-two 
years  ago  that  the  same  condition  prevails  in  the  single-phase 
motor.  I  obtained  this  result  by  assuming  that  the  single-phase 
induction  motor  could  be  represented  by  two  polyphase  motors 
with  their  stator  windings  connected  in  series  acting  upon  the 
same  rotor  winding.  From  this  it  follows  that,  since  the  slip  of 
the  dragging  motor  is  above  100  per  cent,  it  is  approximately 
true  to  assume  the  effect  of  the  second  motor  to  be  an  induced 
e.m.f .  in  quadrature  with  the  primary  current  for  the  entire  range 
of  operation.  With  this  approximation,  I  worked  out  a  circle 
diagram  for  the  single-phase  induction  motor. 

Since  that  time  rigorous  solutions  have  been  worked  out  by 
Messrs.  Sumec  and  Thomaelen  demonstrating  that  the  locus  of 
the  primary  current  in  the  single-phase  motor  is  also  a  circle. 
Mr.  Alexanderson  has  now  given  us  another  and  ver^^  interesting 
method  of  demonstration  of  this  characteristic  of  the  single- 
phase  induction  motor  which  is  to  be  welcomed  by  all  who  see 
in  the  vivid  and  accurate  presentation  of  theory  the  foundation 
of  all  new,  great,  and  enduring  engineering  work. 

L.  W.  Chubb:  I  agree  with  Dr.  Pupin's  contention  that 
there  are  two  opposite  rotating  fields. 

Prof.  Pupin:     In  the  rotor  only. 

Mr.  Chubb:  I  think  that  what  is  in  the  rotor  is  in  the  gap 
and  what  is  in  the  gap  is  in  the  stator.  The  best  way  to  get  a 
conception  of,  and  a  working  system  for,  a  magnetic  field  is  to 
get  it  into  its  components. 

In  Mr.  Alexanderson's  discussion,  I  understood  him  to  say 
that  the  two  machine  analogy  is  not  exactly  correct.  I  wonder 
if  this  is  not  because  we  have  two  machines  on  the  same  shaft 
and  add  together  the  heat  in  the  two  machines.  A  slight  dis- 
crepancy may  possibly  be  due  to  the  summation,  rather  than 
partial  cancellation,  of  the  two  resistance  losses. 

I  would  like  to  call  attention  to  another  little  point.  If  we 
have  a  polyphase  winding  and  apply  a  single-phase  line  to  two 
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terminals  of  it,  we  then  have  a  single-phase  current  and  a  poly- 
phase voltage.  If  now  we  connect  two  terminals  together,  and 
apply  the  single-phase  voltage,  we  get  polyphase  current  and 
single-phase  voltage.  There  are  other  combinations  of  connect- 
ing the  machines  in  parallel  and  connecting  the  machines  in 
series,  any  of  which  can  readily  be  treated  by  the  method  of 
oppositely  rotating  fields. 

In  going  over  these  papers,  it  struck  me  that  the  differences 
between  the  two  methods  of  analysis  are  very  clearly  brought 
out,  but  not  as  well  brought  out  as  they  would  have  been  had 
the  single-phase  motor  been  another  special  case  of  the  imsym- 
metrical  polyphase  treatment.  The  single-phase  motor  is  one 
of  the  special  limiting  cases  of  unbalanced  polyphase  operation 
and  is  therefore  relatively  more  difficult,  because  by  Mr.  Hell- 
mimds  method  it  is  one  of  the  simple  but  long  solutions. 

In  Mr.  Hellmund's  analysis  he  starts  by  what  is,  by  that 
method,  the  simple  case,  the  concentrated  winding,  and  works 
up  to  his  case  Number  5  which  is  the  first  practical  case.  With 
the  double  rotation  system,  if  we  wish  to  consider  Mr.  Hell- 
mund's  case  Number  1  it  would  be  rather  laborious,  because 
with  the  concentrated  winding  the  distribution  of  the  field  is 
such  that  we  have  many  harmonics  to  deal  with.  Any  of  the 
later  practical  cases  with  distributed  windings,  can,  however,  be 
more  readily  treated  by  Mr.  Lamme*s  type  of  analysis. 

Again  the  double  rotational  method  is  by  far  the  better  to 
prove  that  the  field  distribution  is  sinusoidal  with  distributed 
secondary  independent  of  the  primary  distribution.  It  can  be 
seen  from  simple  mental  conception  only  and  without  any  long 
graphical  or  mathematical  analysis.  The  concentrated  primary 
produces  a  square  topped  m.m.f.  which  can  be  represented 
by  the  equation 

H=  K  (sin  0+1/3  sin  3  0+1/5  sin  5  0+1/7  sin  7  0+ .  .  .  ) 

The  single-phase  alternating  primary  current  will  vary  the 
amplitude  of  the  square  topped  wave  with  fundamental  fre- 
quency. Each  component  will  vary  proportionally  and  each 
component  therefore  can  be  represented  by  two  oppositely 
rotating  fields  of  n  pairs  of  poles,  rotating  at  1/n  synchronous 
speed.  All  of  these  component  fields,  except  the  forwardly 
rotating  fundamental  component,  will  have  a  relatively  high 
slip  with  regard  to  the  synchronously  running  rotor.  AH 
components  will  therefore  be  damped  out  except  the  fundamental 
component  rotating  with  the  secondary  and  the  field  distribution 
will  therefore  be  sinusoidal.  I  wish  to  call  your  attention  to  the 
fact  that  the  distribution  will  not  be  sinusoidal  except  when  the 
rotor  is  running  at  synchronous  speed.  If  the  rotor  runs  at 
one-third  speed,  there  will  be  a  field  distribution  having  three 
times  the  number  of  poles,  traveling  at  the  speed  of  the  rotor, 
if  at  one-fifth  speed,  there  will  be  five  times  the  normal  number 
of  poles,  traveling  with  the  rotor. 

This  type  of  treatment  applies  generally  to  all  special  cases  of 
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rotating  machines,  symmetrical  or  unsymmetrical,  balanced  or 
unbalanced,  single  or  polyphase,  and  such  treatment  as  given  in 
Mr.  Lamme's  paper  should  be  encoiu-aged  as  the  logical  and 
economical  method. 

*  J.  Slepian  (by  letter) :  For  text  of  this  discussion,  see  page 
659. 

Alex  M.  Gray:  Mr.  Lamme  wrote  his  paper  principally 
because  he  had  found  that  college  students  while  they  under- 
stood the  polyphase  induction  motor  had  no  physical  conception 
of  the  operation  of  the  single-phase  induction  motor. 

The  theory  of  a-c.  machinery  is  developed  in  the  classroom 
as  follows:  After  the  polyphase  alternator  and  polyphase  arma- 
ture reaction  have  been  discussed,  single-phase  armature  reac- 
tion is  then  considered  as  the  result  of  two  polyphase  fields 
rotating  in  opposite  directions.  The  inverse  field  is  wiped  out 
by  the  rotor  structure.     Unfortunately,  the  same  idea  has  been 


Fig.  30 

applied  in  discussing  the  subject  of  single-phase  induction  motors, 
and  many  teachers  do  not  make  it  clear  that  the  two  phenomena 
are  different,  in  that  the  alternator  fields  are  determined  only  by 
the  current,  whereas  in  the  induction  motor  the  applied  voltage 
is  fixed,  so  that  any  decrease  in  one  of  the  fields  is  accompanied 
by  a  corresponding  increase  in  the  other,  in  order  that  the  flux 
threading  the  stator  winding  may  remain  approximately  con- 
stant. 

We  can  consider  the  two  component  fields  as  produced  by  two 
separate  polyphase  induction  motors  connected  in  series,  the 
fields  rotating  in  opposite  direction,  but  the  rotors  coupled 
together.  The  reader  can  convince  himself  that  this  representa- 
tion is  exact  by  referring  to  the  literature  of  the  subject.  We 
will  asstmie  first  that  the  total  applied  voltage  is  divided  equally 

*  Discussion  presented  both  at  Pittsburgh  April  10  and  New  York 
April  12,  1918. 
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between  the  two  machines,  and  that  the  circle  diagram  represent- 
ing operation  of  these  polyphase  machines  is  as  shown  in  (Fig.  30). 
Let  us  consider  the  operation  at  half  synchronous  speed.  In 
the  case  of  motor  A  the  current  would  be  /«  and  the  torque 
represented  by  a  b,  while  in  machine  B,  which  is  operating  as  a 
generator,  the  current  would  be  h  and  the  torque  represented  by 
c  d.  The  two  motors,  however,  are  in  series  so  that  la  and  h 
must  be  equal  and  in  phase,  and  therefore  the  asstunption  that 
each  motor  absorbs  half  of  the  applied  voltage  is  wrong.  The 
voltages  are  in  the  inverse  ratio  of  the  currents  la  and  h  and 
their  resultant  is  the  applied  voltage.     In  (Fig.  30),  therefore,  the 

motor  torque  a  b  has  to  be  multiplied  by  the  ratio  ( 1    and 

2 

the  generator  torque  c  d  by  the  ratio  ( j  . 

Another  method  of  treatment  is  that  developed  largely  in 
this  country  by  Dr.  McAllister  and  will  be  found  discussed  in  his 
book  on  a-c.  motors,  and  also  in  recent  texts  such  as  Lawrence's 
"Alternating-Current  Machinery".  In  these  texts  it  is  shown 
that  there  are  two  fields  90  deg.  out  of  phase  with  one  another 
both  in  time  and  space,  one  field  being  proportional  to  the  speed 
and  the  other  to  the  frequency,  so  that  the  resultant  field  is 
elliptical  and  is  a  uniform  rotating  field  at  synchronous  speed. 
This  latter  method  is  the  one  now  taught  to  students  and  it  is 
not  improbable  that  it  does  not  give  the  student  a  clear  concep- 
tion of  what  is  happening,  since  there  are  four  rotor  voltages  and 
two  rotor  currents,  and  since  also  phase  relations  in  time  and 
space  are  liable  to  be  mixed  up. 

Some  teachers,  without  further  introduction,  will  draw  a  cir- 
cuit on  the  blackboard  and  state  that  it  is  exactly  equivalent  to 
an  induction  motor.  The  analytical  treatment  thereafter  is 
easy,  but  the  student  does  not  know  the  machine  when  he  sees 
it,  far  less  does  he  know  how  the  machine  works.  To  prove  that 
the  circuit  is  equivalent  to  the  motor  and  then  to  solve  the  circuit 
is  a  roundabout  way  of  going  after  the  matter.  The  equivalent 
circuit  should  never  be  mentioned  until  the  machine  has  been 
thoroughly  discussed  along  the  lines  indicated  above. 

There  is  one  other  method  of  treatment  which  is  suitable  only 
for  mathematicians  who  happen  at  the  same  time  to  be  electrical 
engineers,  and  that  is  the  treatment  by  complex  quantities. 
Complex  quantities  are  very  useful  if  you  know  how  to  himaor 
them  and  if  you  are  using  them  frequently,  but  they  do  have  a 
habit  of  slipping  out  of  one's  mind.  An  instructor  who  revels  in 
this  method  of  treatment  can  be  cured  if  he  is  put  in  charge  of 
the  laboratory,  because  it  is  very  difficult  to  point  out  to  the 
student  just  which  is  the  imaginary  part  of  an  actual  machine. 
I  am  convinced  that  the  use  of  complex  quantities  in  under- 
graduate instruction  should  be  restricted  to  the  solution  of  cir- 
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cuits  and  networks  and  should  never  be  used  in  machinery. 
After  graduation  the  student  may  study  Steinmetz*s  texts  with 
advantage. 

*R.  E.  Hellmund  (Read  by  A.  M.  Dudley):  For  text  of  this 
discussion,  see  page  675. 

*A.  M.  Dudley  and  C.  M.  Weber:  For  text  of  this  discussion, 
see  page  680. 

*C.  A.  Weber  (by  letter):  For  text  of  this  discussion  see 
page  669. 

Chas.  F.  Scott:  The  author  uses  a  type  of  physical  analysis 
in  this  paper  which  is  a  characteristic  of  his  method  of  handUng 
engineering  and  design  problems.  A  notable  former  instance 
was  in  connection  with  the  polyphase  motor.  The  form  of 
motor  which  first  came  into  general  use  employed  secondary 
resistance  for  starting. 

Then  came  one  of  the  notable  results  of  Mr.  Lamme's  analysis, 
of  this  motor,  for  he  so  proportioned  it  that  the  squirrel-cage 
rotor  could  be  employed  with  acceptable  starting  conditions. 
It  was  this  kind  of  physical  analysis  by  Mr.  Lamme  which  led 
to  the  proportions  in  his  design  and  gave  us  the  squirrel-cage 
or  **Type  C*'  motor  as  it  was  then  called.  It  was  this  type 
which  made  a  reputation  for  the  a-c.  motor,  and  established  it 
as  a  simple,  useftd  and  dependable  machine. 

Mr.  Lamme  presented  a  paper  before  the  National  Electric 
Light  Association,  at  Niagara  Falls  in  1897,  in  which  he  described 
in  a  physical  way  the  operation  and  characteristics  of  induction 
motors.  It  was  a  sort  of  practical  paper,  appealing  to  those 
who  like  to  understand  fundamental  relations,  but  who  are 
not  mathematicians,  which  has  become  a  classic.  Now,  the 
same  general  method  which  has  done  so  much  to  make  the  oper- 
ations of  the  polyphase  induction  motor  known  and  understood, 
are  extended  by  Mr.  Lamme  to  a  consideration  of  the  single- 
phase  motor. 

Michael  I.  Pupin:  One  of  the  brightest  remarks  made  this 
evening  was  made  by  a  professor,  when  he  said,  that  when  they 
get  an  induction  motor  before  the  student  he  understands  its 
true  theory  when  he  reaches  the  laboratory.  I  agree  with  him 
perfectly  that  the  introduction  of  the  complex  variable  into 
alternating-current  electrical  engineering  has  done  a  tremendous 
amount  of  mischief  among  the  students.  Not  among  men  of 
n^y  age,  because  I  cannot  be  fooled  so  easily,  but  the  student 
has  used  a  complex  quantity  where  the  complex  quantity  ought 
not  to  be  used.  There  is  no  doubt  that  the  introduction  of  the 
complex  quantity  into  alternating-current  calculations  intro- 
duces a  simplicity  which  is  remarkable  in  certain  types  of  prob- 
lems, but  certain  other  types  of  problems  should  not  be  treated 
by  the  complex  quantity,  and  this  is  one  of  the  types.  The  man 
who  uses  complex  quantities  in  the  treatment  of  the  theory 

♦Discussions  presented  both  at  Pittsburgh,  April  10  and  New  York, 
April  12,  1918. 
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of  the  induction  motor  commits  an  unpardonable  crime,  he 
ought  to  be  interned  as  a  dangerous  individual — he  should 
stick  to  the  old  fashioned  method  of  using  the  real  quantities 
in  connection  with  real  problems,  whenever  he  can. 

It  is  not  easy  to  teach  a  student  to  use  a  typewriter  before 
he  leams  how  to  write.  It  would  be  a  dangerous  thing  to  in- 
troduce it  into  the  public  schools,  before  the  boys  and  giris 
knew  how  to  write,  and  the  same  thing  is  true  in  the  electrical 
engineering  class  room.  To  introduce  complex  quantities  be- 
fore the  students  know  how  to  handle  real  quantities  is  danger- 
ous and  misleading,  and  the  students  themselves  do  not  like 
it.  I  never  use  a  complex  quantity,  until  I  come  to  the  power 
transmission  lines,  and  the  problem  of  the  distribution  of  alter- 
nating-currents in  a  network  of  conductors. 

In  this  problem  you  cannot  use  it.  When  it  comes  to  a  prob- 
lem where  there  is  a  single-phase  winding  in  the  primary 
and  a  single-phase  winding  in  the  secondary,  God  help  you, 
it  is  a  most  complex  problem,  and  I  warn  you  not  to  be  misled 
by  your  ctirves,  because  if  you  experiment  you  will  find  that 
you  do  not  get  periodic  curves  at  all.  The  theory  of  the  alter- 
nator is  not  the  converse  of  the  theory  of  the  single-phase 
induction  motor.  In  the  alternator  you  have  a  single-phase 
winding  in  the  rotor,  and  you  have  a  single-phase  winding  in 
the  stator,  but  in  the  induction  motor  you  have  a  tremendous 
number  of  circiiits  in  the  rotor.  In  the  alternator,  the  field  is 
sattirated  so  that  the  magnetic  reaction  in  the  primary  produced 
by  the  armature  current  does  not  amount  to  much.  But  if 
you  should  try  an  alternator  with  a  laminated  field,  and  have 
a  few  tiuTis  only  in  the  field  winding,  you  will  get  electromotive 
force  and  current  curves  which  seem  to  bafHe  all  understanding. 
When  the  primary  is  fed  by  an  alternating  current  you  do  not 
get  periodic  curves  at  all,  because,  although  in  the  primary 
you  impress  a  simple  harmonic  alternating  electromotive  force, 
you  get  an  infinite  series  of  additive  and  deferential  frequencies. 
I  observed  them  in  some  of  the  results  shown  tonight,  when  you 
have  a  single-phase  winding  in  the  secondary  of  the  induc- 
tion motor. 

This  is  a  case  which  has  been  handled  for  us  by  Goldsmith 
in  his  famous  alternator  which  is  used  in  wireless  telegraphy, 
where  he  impresses  10,000  periods  per  sec.  on  the  primary  and  gets 
40,000  or  50,000  periods  per  sec.  in  the  secondary  by  reflections  as 
he^calls  it.  It  is  a  very  interesting  case,  but  it  has  no  practical 
value  except  to  make  high-frequency  alternators  without 
resorting  to  excessive  number  of  poles  and  excessive  speed. 

I  warn  the  gentleman  who  presented  the  second  paper,  Mr. 
Hellmund,  to  proceed  rather  slowly.  He  has  given  a  most 
complicated  case,  and  I  am  sure  that  he  will  get  into  a  mess, 
into  a  labyrinth  of  all  kinds  of  complications,  if  he  does  not 
stick  to  the  single-phase  induction  motor  with  sinusoidal  dis- 
tribution. 
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Selby  Haar:  When  I  began  to  study  precision  of  measure- 
ments I  was  told  that  there  was  a  great  deal  of  difficult  mathe- 
mathics  in  the  theory,  but  that  after  I  had  learned  the  theor>' 
I  could  forget  the  mathematics,  and  the  actual  process  of  using 
the  theory  would  be  very  simple,  and  would  require  nothing 
more  than  a  knowledge  of  arithmetic.  The  circle  diagram 
may  be  very  much  simpler  than  the  method  of  complex  quanti- 
ties for  purposes  of  instruction,  but  when  I  was  a  commercial 
designer  of  induction  motors,  we  had  to  spend  quite  a  large 
amount  of  time  in  educating  inspectors  and  others  who  deter- 
mined motor  performance  ciu^es  by  the  circle  diagram,  and 
naturally  obtained  different  restdts  than  we  did.  The  theor>^ 
of  complex  quantities  may  be  difficult,  but  the  calculation 
of  induction  motor  curves  by  this  method  is  as  simple  as  the 
application  of  the  rules  of  precision  of  measurements,  and,  at 
the  same  time,  is  accurate.  With  a  slide  rule  a  whole  set  of 
curves  covering  the  usual  range  from  one-half  load  to  one  and 
one-quarter  load  may  be  completed  well  within  an  hour.  In 
the  circle  diagram  the  most  important  points  are  near  the  end 
of  the  horizontal  diameter,  where  the  errors  of  measurement 
are  greatest. 

B.  G.  Lamme:  It  has  been  brought  out  in  the  various  discus- 
sions that  the  method  given  in  my  paper  is  only  an  approximate 
one.  That  is  correct  and  it  is  so  stated  in  the  paper  itself. 
However,  certain  of  the  nimtierical  tables  and  curves  in  the  paper 
show  how  small  the  error  is.  If,  in  order  to  avoid  minor  approxi- 
mations, I  had  introduced  the  complications  shown  in  some  of 
the  discussions,  it  wotdd  have  spoiled  the  paper  for  the  purpose 
for  which  it  was  written.  The  intention  was  to  give  a  simple 
physical  conception  of  the  motor  and  to  do  so  it  was  necessary 
to  make  certain  approximations  as  stated  before.  It  may  be 
said  that  none  of  the  discussions  this  evening  have  simplified 
the  subject  in  the  sense  of  making  it  easier  to  comprehend. 

As  to  the  different  methods  of  looking  at  the  problem  of  the 
induction  motor,  I  have  tried  this  experiment, — I  have  taken 
three  different  men  and  put  up  to  them  certain  new  problems  of 
induction  motors  and  then  asked  them  what  was  the  first  thing 
they  thought  about.  One  man  said  that  the  first  form  in  which 
the  problem  presented  itself  to  him  was  in  the  nature  of  an 
equation;  the  second  man  said  that  the  first  thing  he  thought 
about  was  a  circle  diagram;  the  third  man  said  that  his  first 
thought  was  about  the  distribution  of  flux  in  the  machine  and 
the  currents  in  the  windings.  If  these  three  men  had  equal 
mathematical  ability,  I  believe  the  one  with  the  physical  con- 
ception of  magnetic  flux  and  the  currents  could  tackle  the 
problem  better  than  the  others.  In  general,  I  have  fotmd  that 
a  man  with  good  physical  conception  and  fair  mathematical 
ability  can  tackle  new  problems  most  successfully.  Conse- 
quently, I  have  made  a  practise,  with  the  yotmg  men  imder  my 
charge,  to  try  to  teach  them  the  physical  conception  first  of  all 
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and  then  take  up  the  mathematical  aspect.  I  find,  as  a  rule, 
that  they  do  much  better  after  they  get  the  physical  conception. 

My  purpose  in  preparing  this  paper  was  not  to  assist  that 
small  group  of  people  who  have  a  very  good  grasp  of  the  funda- 
mentals of  the  single-phase  motor,  but  to  meet  the  needs  of  the 
very  much  larger  class  of  people  who  are  interested  in  such 
apparatus,  but  who  cannot  read  mathematics  very  well  and  do 
not  know  what  a  circle  diagram  means,  or  what  a  vector  diagram 
is.  With  many  such  pepole,  if  an  equation  is  encountered  when 
reading  the  paper,  they  will  not  study  it  out  and,  furthermore, 
if  there  are  one  or  two  equations  on  a  page  they  will  not  even 
read  that  page.  This  applies  to  a  very  large  percentage  of  the 
readers  of  the  Transactions,  and  I  find  that  if  a  subject  can  be  so 
treated  as  to  leave  out  all  formulas,  etc.,  a  great  many  people 
will  read  it  who  would  not  otherwise  do  so. 

I  wish  to  add  that  apparently  there  has  been  some  mistmder- 
standing  as  regards  the  intent  of  this  paper.  It  was  not  the 
intention  of  the  writer  to  claim  anything  new  or  novel  in  the 
general  treatment.  Many  of  the  various  methods  used  in  this 
paper  have  been  brought  out  long  ago,  some  of  them  so  many 
years  ago  that  I  do  not  recall  where  they  originated.  Mr. 
Behrend  would  be  a  much  better  man  to  give  this  than  myself, 
as  he  brings  out  a  number  of  these  points  in  his  book  on  the 
induction  motor,  published  some  eighteen  years  ago,  I  believe. 
The  only  credit  I  can  claim  in  regard  to  this  paper,  is  for  the 
attempt  at  simplification,  to  bring  it  within  the  range  of  non- 
mathematical  readers. 

Mr.  Hellmund:  It  has  been  brought  out  quite  clearly  in 
my  paper  that  it  was  not  intended  as  material  for  the  classroom 
and  for  giving  to  beginners  a  physical  conception  of  the  working 
principles  of  a  single-phase  motor.  It  was  rather  intended  to 
answer  certain  questions  to  the  designing  engineer  and  advanced 
student,  who  have  raised  such  questions  from  time  to  time 
regarding  secondary  magnetizing  currents,  losses,  etc.  Unfor- 
tunately, it  was  found  simply  impossible  to  get  all  the  results  I 
was  after  without  quite  a  good  deal  of  mathematics. 

Mr.  Slepian  has  supplemented  my  paper  by  a  very  interesting 
discussion,  showing  how  it  is  possible  for  an  engineer  familiar 
with  higher  harmonics  and  some  other  characteristics  of  the 
motor,  to  arrive  without  mathematics  at  one  of  the  conclusions 
arrived  at  in  the  paper,  namely,  that  a  sinusoidal  field  distribu- 
tion prevails  imder  certain  assumptions  irrespective  of  the 
primary  winding  distribution.  While  this  fact  was  known  to 
me  for  a  considerable  ntmiber  of  years  from  certain  investigation 
of  the  polyphase  motor,*  I  knew  little  about  the  influences  of 
the  winding  distributions  upon  the  currents,  and  the  like,  until 
I  figiired  them  out  by  the  use  of  mathematics.  Only  after  thus 
definitely  establishing  certain  facts,  I  was  able  to  devise  the 

♦See  my  paper  A.  I.  E.  E.  1908,  p.  1373,  in  particular  p.  1382.  Also 
Articles  in  Electrical  World,  1906,  p.  329. 
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graphical  method  described  in  connection  with  Fig.  34  of  my 
paper  for  determining  the  secondary  magnetizing  currents  of 
commercial  machines. 

While  the  treatment  of  practical  cases  is  given  much  in  detail 
in  my  paper,  it  is  evident  from  the  discussion  that  this  has  been 
overiooked  by  some  of  the  speakers,  who  have  apparently  paid 
too  much  attention  to  a  few  rather  theoretical  cases,  which  I 
have  given  for  reasons  previously  stated.  Referring,  for  in- 
stance, to  Prof.  Pupin's  brief  discussion  of  my  paper,  it  should  be 
pointed  out  that  the  case  of  sinusoidal  primary  distribution  has 
been  treated  in  full  both  imder  consideration  of  leakages  and 
resistances.  This  part  of  the  paper  alone  would,  however,  not 
give  any  answer  to  all  questions  arising  in  connection  with 
commercial  machines.  The  mere  fact  that  the  treatment  of  the 
latter  is  more  complicated  does  not  make  the  knowledge  of  what 
actually  happens  in  practise  less  desirable.  It  was  just  on 
accoxmt  of  the  peculiar  phenomena  caused  by  the  non-sinusoidal 
distribution  of  windings  in  slots  that  designers  have  been  puzzled 
from  time  to  time  and  imable  to  explain,  for  instance,  why 
certain  losses  were  much  higher  than  expected.  I  fully  agree, 
however,  that  the  treatment  of  the  more  complicated  cases 
requires  great  care  to  avoid  confusion  and  wrong  conclusions. 
I  am,  therefore,  very  grateful  to  Messrs.  Dudley  and  Weber  for 
the  trouble  they  went  to  in  checking  my  methods  by  actual 
tests  and  thus  demonstrated  their  correctness.  They  deserve 
much  credit  for  removing  thereby  any  doubts,  which  are  only 
too  natural  with  some  of  the  peculiar  results  arrived  at  in  my 
paper. 
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A  REVIEW  OF  ELECTRICAL  ENGINEERING  PROGRESS 

President's  Address 


BY  E.   W.   RICE,  JR. 

ELECTRICAL  engineering  now  covers  such  a  wide  field  of 
scientific  and  technical  activities  that  your  President  is 
presented  with  an  embarrassment  of  riches  in  the  attempt  to 
select  a  subject  for  his  address.  He  has,  therefore,  decided  not  to 
confine  himself  to  any  one  feature  of  our  Society's  work,  but  to 
pick  out  here  and  there  a  few  of  many  items  to  talk  about  which 
seemed  of  present  interest  and  importance. 

It  is  a  pleasure  to  call  your  attention  to  the  fact  that  we  have 
added  1235  members  of  all  classes  during  the  year,  our  total 
membership  being  now  9370.  This  is  a  most  encouraging  result  in 
these  times  of  stress  and  change. 

Our  Institute  is  a  national  asset  of  increasing  value  to  its 
members  and  to  the  nation.  Every  person  who  has  the  necessary 
qualifications  should  identify  himself  with  the  Institute,  not 
only  for  the  great  benefits  which  he  personally  will  receive,  but 
in  order  that  the  usefulness  and  power  of  the  great  army  of  elec- 
trical engineers  may  be  increased  and  rendered  more  available 
for  the  highest  and  most  efficient  service  to  our  country  and  to 
the  world. 

The  engineer  is  the  hope  of  the  nation,  not  only  now,  when 
we  are  at  war,  but  even  more  so  in  the  future  in  the  days  of 
reconstruction  following  the  great  peace.  The  engineer  may 
perform  valuable  service  when  working  alone,  but  his  usefulness 
and  power  is  manifestly  greatly  increased  when  acting  in  co- 
operation with  thousands  of  his  brothers. 

The  Institute  is  not  only  a  democracy  but  is  a  democracy  of 
educated  men  and  such  men  have  a  heavy  responsibility  to 
society  at  present  and  will  have  in  the  future.  They  shoiild  be 
leaders  and  exemplars  for  those  who  have  not  been  so  fortunate 
as  to  have  enjoyed  their  opportunities.  The  Institute  needs  its 
members  and  the  members  need  the  Institute,  that  the  electrical 
engineer  may  fulfill  his  high  destiny. 
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That  the  work  of  the  Institute  is  of  the  highest  quality  is 
evidenced  by  the  character  of  its  meetings,  its  papers  and  dis- 
cussions and  the  splendid  work  of  its  various  committees.  Its 
value  and  usefulness  has  increased  every  year  of  its  existence  and 
it  should  continue  to  gain  in  strength  and  usefulness  because  its 
methods  are  in  accord  with  the  spirit  of  the  times. 

But  in  order  to  accomplish  this  desirable  result,  it  must  con- 
tinue, as  at  present,  to  be  representative  of  the  electrical  engi- 
neering profession  of  the  country,  and  therefore,  must  continue 
to  expand  its  membership.  This  growth  will  bring  with  it  prob- 
lems inherent  in  all  great  institutions,  democratic  or  autocratic, 
but  I  have  confidence  that  all  difficulties  will  be  met  successfully 
for  the  reason  that  the  members  of  our  profession  are  trained  in 
the  scientific  view-point  and  methods  of  solving  problems. 

In  the  early  days  the  progress  of  the  electric  science  and  arts 
was  so  rapid  that  it  was  relatively  easy  to  find  each  year  plenty  of 
material  for  a  review.  Progress  has  continued  and  will  continue, 
but  naturally  a  decided  tendency  to  saturation  is  shown  in  many 
directions.  In  some  instances,  this  saturation  can  be  demon- 
strated to  be  due  to  the  fact  that  limits  of  perfection  have  been  so 
closely  approached  that  little  remains  of  possible  accomplish- 
ment. In  other  instances  the  slowing  up  is  due  to  lack  of  knowl- 
edge, or,  especially  at  the  present  time,  to  lack  of  workers,  such 
workers  having  been  diverted  to  the  work  imperatively  needed 
to  secure  us  against  the  attack  of  our  enemy  on  the  foundations 
of  bur  existence. 

There  has  been  no  material  improvement  for  several  years  m 
the  matter  of  efficiency  in  electrical  units,  such  as  dynamos, 
motors,  transformers,  etc.  The  efficiencies  stated  in  Past-Presi- 
dent Lincoln's  address,  in  1915,  still  remain  almost  exactly  of  the 
same  values,  and  for  the  reasons  which  he  so  clearly  pointed  out. 

The  efficiency  of  conversion  of  mechanical  into  electrical 
energy,  or  the  reverse,  of  electrical  into  mechanical  energy,  is 
still  about  90  per  cent  in  the  average  case,  imder  practical  condi- 
tions of  operation;  the  efficiency  reaching  as  high  as  97  per  cent 
or  98  per  cent  in  the  most  favorable  cases,  with  the  large  units, 
and  falling  below  90  per  cent  in  unfavorable  cases,  or  in  the  small 
units.  The  efficiency  of  conversion  of  electricity  from  high  to  low 
potential,  as  in  transformers,  also  remains  substantially  the  same, 
reaching  as  high  as  98  plus  per  cent  in  the  largest  units. 
It  is  obvious,  as  Lincoln  pointed  out  that  no  material  change 
can  be  expected  where  such  practical  perfection  has  been  reached. 
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The  conversion  of  mechanical  power  of  falling  water  into 
electrical  energy  by  our  water-wheels  and  electric  generators  has 
increased  from  about  87  per  cent  to  90  per  cent  in  the  largest 
units  of  40,000  h.  p.  This  represents  about  the  limit  which  may. 
be  expected. 

In  the  field  of  thermod)niamic  engines,  represented  largely  by 
the  steam  turbo-generator  unit,  some  improvement  has  been 
obtained.  Lincoln  stated  that  75  per  cent  of  Rankine  efficiency 
had  been  obtained  in  some  large  modern  steam  turbo  units  in 
1915.  This  has  now  been  increased  to  about  80  per  cent  in  the 
largest  units  of  35,000  to  40,000  kw.  and  75  per  cent  is  quite  com- 
mon practise  even  in  such  moderate  sized  units  as  10,000  kw. 
,  This  improvement,  while  not  large,  is  doubly  important  because 
of  the  great  increase  in  the  cost  of  fuel.  It  has  been  realized  mainly 
by  bringing  the  practical  design  more  nearly  in  accord  with 
thetheoretical,  by  increasing  the  number  of  stages  or  processes 
of  steam  extraction,  reducing  various  losses,  and  by  improving 
many  details  which,  when  properly  looked  after  make  in  the 
aggregate,  gains  of  practical  importance. 

Increase  in  the  initial  pressure  of  steam  and  lowering  of  term- 
inal pressure,  by  better  condenser  arrangements,  have  also  con- 
tributed to  improvement,  as  it  enables  an  increase  in  the  range  of 
temperature  to  be  utilized.  This  makes  possible  better  thermal 
efficiencies,  even  with  the  same  per  cent  of  Rankine  efficiencies. 

The  following  information  illustrates  the  improvement  in 
efficiency  of  turbo-electric  units  beginning  with  the  first  5000  kw. 
installed  in  this  country,  in  1903,  and  continuing  up  to  the  close 
of  1917: 


Steam  Conditions 

Lbs. 

Per  Cent  of 

per 

rankine 

Year 

Size,  kw. 

Steam 
pressure 

Superheat 
fahrenheit 

Back 
pressure 

kw-hr. 

efficiency 

1903 

6.000 

175  lb. 

0 

2     in. 

24.00 

37.8 

1908 

14.000 

200    " 

126« 

1*    " 

13.60 

66.1 

1911 

20.000 

236    « 

100* 

1»    " 

13.20 

67.0 

1913 

20.000 

200    " 

200« 

1      " 

10.74 

76.9 

1916 

20.000 

250    « 

250« 

1      " 

10.00 

76.5 

1917 

35.000 

230    " 

200* 

1      " 

10.14 

78.7 

It  is  gratifying  to  note  that  a  percentage  of  Rankine  efficiency 
of  approximately  80  has  been  reached.  This  progress  reflects 


Digitized  by  VjOOQIC 


706      RICE:  ELECTRICAL  ENGINEERING  PROGRESS     June  26 

great  credit  upon  the  deagners  of  turbo-electric  machines  and  is 
a  record  of  achievement  found  only  in  electrical  development. 

Concurrently  with  this  improvement  in  the  turbo-electric 
machines,  great  advances  have  been  made  in  the  design  and 
operation  of  steam  producing  devices — the  boilers,  and  in 
auxiliaries  and  other  features  of  the  modem  power  station.  As  a 
result  the  thermal  efficiency  has  been  rapidly  improved.  The 
thermal  efficiency  to  which  I  refer  may  be  stated  as  the  ratio  of 
the  total  energy  produced  at  the  terminals  of  the  generator,  to 
the  total  energy  in  the  fuel  biimed  —  expressed  as  a  percentage. 
It  takes  account  of  all  losses  from  the  coal  under  the  boiler  to  the 
electricity  at  the  dynamo  terminals.  It  is  the  ratio  of  the  heat 
units  eqtdvalent  to  one  kw-hr.,  divided  by  the  similar  heat  units 
in  the  fuel  consumed  to  produce  one  kw-hr.  at  the  generator 
terminals. 

This  thermal  efficiency  is  after  all,  to  the  electrical  engineer,  the 
most  important  measure  of  progress.  It  measures  the  advance 
in  station  fuel  economy,  and  as  stated,  many  factors  in  addition 
to  the  improvement  in  turbo-generators  have  contributed  to  the 
result.  Thermal  efficiency  may  obviously  be  used  to  express  the 
results  of  a  single  unit,  consisting  of  ttu-bo-generator,  with  its 
bsmk  of  boilers  and  otner  accessories,  or  it  may  be  used  to  desig- 
nate the  combined  result  of  all  the  units  in  a  given  power  station. 

The  progress  in  the  case  of  a  combination  unit,  i,e,  turbo- 
generator, with  its  boilers,  auxiliaries,  etc.  has  been  as  follows: 


Thermal 

Year 

Sixe  of  unit 

e£Sciency 

kw. 

per  cent 

1903 

6.000 

10.16 

1908 

14,000 

16 

1913 

20,000 

18 

1917-18 

36.000 

21.6 

For  comparison,  I  may  state  that  large  gas  engines  in  steel 
mill  practise,  under  best  test  conditions,  show  26  per  cent  thermal 
efficiency,  but  in  actual  operation,  an  efficiency  higher  than  18  to 
20  per  cent  is  rare. 

High  compression  oil  engines  of  the  Diesel  type,  driving 
electric  generators,  realize  25  to  26  per  cent  thermal  efficiency 
when  new,  but  are  difficult  to  maintain  at  such  efficiency. 
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The  figures  given  must  not  be  confused  with  the  much  higher 
thermal  efficiencies  often  quoted  for  gas  and  oil  engines,  which 
refer  to  indicated  horse  power  and  not  to  electrical  output. 

The  steam  turbo-electric  unit  has  not  reached  its  limit  of 
thermal  efficiency.  Calculations  show  that,  with  pressures  of  the 
order  of  500  lb.  gage,  a  thermal  efficiency  of  26  per  cent  shotdd 
be  easily  realized.  For  any  further  substantial  improvement,  we 
must  look  to  new  methods,  such  as  the  use  of  two  fltiids,  for  ex- 
ample mercury  and  steam,  as  planned  by  Mr.  W.  L.  R.  Emmet. 
This  method  is  still  under  development  but  its  progress  has  been 
hampered  by  the  pressure  of  war  work. 

As  a  matter  of  interest  to  electrical  engineers,  I  may  say,  paren- 
thetically, that  the  steam  turbine  in  this  country  owes  its  exis- 
tence and  development  almost  entirely  to  the  electrical  engineer, 
and  this  is  not  surprising  as  the  electrical  engineer  was  familiar 
with  the  advantages  of  rotary  machines,  and  perhaps  it  is  not  too 
much  to  say,  prejudiced  in  their  favor. 

While,  as  stated,  the  efficiency  of  electrical  units  reached  about 
its  limit  some  years  ago,  those  familiar  with  electrical  engineering 
development  are  aware  that  progress  has  been  made  and  is  still 
possible  in  the  generation,  transmission  and  utilization  of  electri- 
cal energy.  The  struggle  for  improvement  in  efficiency  has  been 
transferred  from  the  unit  to  the  aggregate,  called  the  system.  We 
cannot  have  a  system  of  maximum  efficiency  without  units  of 
maximum  efficiency,  but  individual  units  of  highest  efficiency  do 
not,  of  themselves,  insure  that  the  system  upon  which  they  are 
used  will  be  of  the  highest  efficiency,  so  progress  has  been  made 
in  the  direction  of  improving  the  system  economy  or  system 
efficiency. 

To  obtain  the  highest  efficiency  in  practical  operation,  the 
element  of  time  enters  as  a  powerful  factor.  Our  conception  of 
efficiency  should  not  be  limited  to  a  consideration  of  the  relation 
between  the  instantaneous  value  of  available  heat  units  in  coal 
and  the  electrical  units  produced  at  the  point  or  points  of  con- 
sumption, but  should  consider  the  relation  between  the  total 
number  of  heat  tmits  in  fuel  consumed  in  a  given  time,  say  24 
hours,  to  the  total  number  of  electrical  units  produced  and  used  in 
the  same  time.  The  attempt  to  improve  the  efficiency  of  the 
system  has  shown  the  necessity  for  utilizing  the  generator  units 
and  transmission  and  distributing  systems,  for  the  maximum 
possible  time. 

This  has  led  to  the  study  of  such  questions  as  load  factors  of 
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generators,  of  stations,  and  of  the  system  as  a  whole,  to  the  study 
of  the  diversity  factor,  to  the  reduction  of  idle  currents  in  alter- 
nating-current systems  by  the  use  of  synchronous  condensers,  and 
to  means  for  the  reduction  of  the  constant  and  no-load  losses  in 
all  machinery,  in  transformers,  etc. 

The  resulting  improvement  has  been  effected,  not  only  by 
changes  in  designs  of  the  units  themselves,  but  also  by  their 
method  of  use,  based  upon  the  recognition  of  the  fact  that  the 
elimination  or  reduction  of  the  losses  at  light  load  will  greatly 
improve  the  total  efficiency,  especially  when  the  time  of  use  of 
the  apparatus  under  load  is  a  small  part  of  the  total  time. 

Automatic  substations  for  transformers  and  synchronous  con- 
verters have  come  into  existence;  different  power  houses  of  the 
same  system  have  been  tied  together  electrically;  transmission 
lines  of  different  systems  have  been  interconnected,  so  that  the 
units  may  be  usefully  employed  for  the  maximum  period,  or  lie 
idle  or  unloaded  for  the  minimum  time. 

This  general  development  has  led  to  marked  improvement  in 
total  energy  efficiency,  represented  by  the  amoimt  of  fuel  burned 
per  electrical  unit  sold  or  utilized,  and  has  also  reduced  cost  of 
operation  and  charges  for  investment.  There  is  still  room  for 
continued  improvement  in  this  direction  and  the  progress  will  be 
rapid  due  to  the  pressure  for  maximum  efficiency  in  the  use  of 
coal  and  of  existing  investment  at  the  present  time. 

Many  interesting  examples  of  the  methods  and  devices  adopted 
to  improve  station  and  system  economy  and  efficiency  may  be 
found  throughout  the  country.  In  California,  large  electrical 
systems  have  been  arranged  to  be  tied  together  electrically,  for 
exchange  of  power.  In  Washington  and  Idaho,  power  systems 
under  different  management  have  made  similar  arrangements.  In 
the  South,  all  important  hydroelectric  systems  have  been  tied 
together  for  exchange  of  power.  The  advantage,  as  I  have  stated, 
of  such  arrangements  is  better  utilization  of  variable  stream 
flow,  improvement  in  load  factor,  increased  reliability  of  service, 
and  the  net  result  is  to  improve  the  efficiency  of  the  system,  not 
only  financially,  but  in  a  purely  technical  sense.  One  most  im- 
portant advantage  is  the  obvious  reduction  of  the  necessary 
investment  in  reserve  machinery  of  every  description. 

In  Montana,  eight  hydroelectric  plants  successively  use  the 
same  stream  flow,  the  total  effective  head  amounting  to  600  feet, 
and  not  only  is  the  natural  flow  of  the  stream  thus  successively 
utilized,  but  all  the  storage  water  is  effectively  used  by  each 
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plant  in  series.  In  this  same  system,  the  yearly  load  factor  is 
stated  to  reach  75  per  cent  and  the  mean  monthly  load  factor  to 
reach  80  per  cent- 

The  interconnection  of  hydroelectric  plants  brings  about 
another  extremely  important  saving,  based  upon  the  variation  of 
rainfall  in  amount  and  time  on  the  different  watersheds  which  are 
thereby  brought  to  serve  a  common  system.  It  frequently  hap- 
pens that  there  will  be  plenty  of  precipitation  on  one  watershed, 
while  another  watershed  may  suffer  from  long  continued  drought. 
This  condition  varies  not  only  in  the  same  year  but  in  different 
years.  Interconnection  serves  to  eliminate  these  variations  by 
a  process  of  averaging,  and  where  the  inter-connected  system 
covers  a  sufficiently  wide  area,  a  remarkable  increase  in  total  use- 
ful power  is  made  available. 

It  has  frequently  happened  that  thousands  of  horse  power 
have  been  wasted  over  the  dams  of  one  system,  the  watersheds  of 
whose  plants  happened  to  have  a  wet  year,  and  at  the  same  time, 
a  nearby  hydroelectric  plant,  supplied  by  another  watershed, 
was  without  water  power.  The  result  has  been  that  one  system 
wasted  power,  while  the  other  was  suffering  from  a  power  short- 
age which  would  frequently  be  made  up  by  burning  a  large 
amount  of  high  grade  coal,  in  the  operation  of  an  auxiliary  steam 
plant.  This  condition  has  to  a  large  extent  been  remedied  by  the 
interconnections  to  which  I  refer. 

It  has  been  estimated,  and  it  seems  a  conservative  estimate, 
that  through  the  saving  in  reserve  equipment,  improvement  in 
load  factor,  and  the  diversity  of  different  loads,  the  useful  out- 
put of  groups  of  large  systems  may  through  inter-connection  be 
increased  about  25  per  cent. 

Electric  regeneration  of  power,  that  is,  the  utilization  of  the 
weight  of  trains  running  on  a  down  grade  due  to  the  force  of 
gravity  to  generate  electricity  which  is  fed  back  into  the  electric 
system  to  help  other  trains  up  grade,  is  an  illustration  of  the 
same  important  improvement  in  the  system  efficiency. 

I  have  thought  it  desirable  to  call  your  attention  to  the  im- 
provements obtained  in  system  economy  or  efficiency  because  of 
the  important  savings  in  investment,  in  coal,  in  transportation, 
in  labor  and  material,  which  in  the  aggregate,  have  already  been 
realized.  It  illustrates  the  wonderful  flexibility,  value  and  econ- 
omy of  a  general  system  transmitting  energy  by  electricity,  com- 
pared with  any  other  possible  method. 

These  advances  have  been  more  rapid  during  the  last  year, 
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due  to  the  imperative  demands  for  economy  saving  and  increased 
efficiency  imposed  by  the  war.  It  is  a  great  satisfaction  that  the 
foundation  had  all  been  well  prepared  during  the  times  of  peace. 

The  development  of  our  industry  has  been  so  rapid  that  the 
need  of  intelligent  and  constructive  standardization  was  realized 
some  years  ago.  The  Standards  Committee  of  the  Institute, 
formed  in  1898,  has  been  of  inestimable  value  to  the  profession 
and  to  the  indxistry.  The  standards  adopted  have  been  flexible 
enough  to  ensure  progress  and  yet  to  discourage  variations  which 
were  valueless.  The  standards  promulgated  by  our  committee 
have  so  appealed  to  the  profession  and  to  the  industry  that  they 
have  been  cheerfully  followed,  and  I  am  convinced  that,  as  a  re- 
sult, the  cost  of  electrical  apparatus  to  the  consumer  has  been 
greatly  reduced  over  a  number  of  years  and  the  quality  has  not, 
been  sacrificed,  but  has  been  improved.  I  consider  that  the 
mohey  value  of  the  work  so  done  could  be  conservatively  placed 
at  many  millions  of  dollars. 

Sixty-cycle  systems  have  shown,  during  the  past  few  years,  a 
more  rapid  growth  than  25-cycle,  and  it  is  now  estimated  that 
60-cycle  systems  represent  about  70  per  cent  of  the  total  power 
supplied  in  the  country.  This  is  undoubtedly  due  to  the  lowered 
cost  of  transformers,  generators,  induction  motors,  and  similar 
apparatus.  The  relative  growth  of  60-cycle  as  compared  with 
25-cycle  systems  is  reflected  in  steam  turbine  installations.  In 
1910  about  60  per  cent  of  the  steam  turbine  electric  energy  of  the 
country  was  supplied  from  60-cycle  units;  in  1917,  this  had  risen 
to  approximately  75  per  cent. 

This  is  an  instance  where  standardization  is  desirable  and 
economical.  It  will  hasten  the  time  so  often  predicted,  when  a 
network  of  transmission  lines,  carrying  electrical  energy,  will 
cover  the  country.  These  will  be  fed  by  super-power  stations, 
suitably  located  with  respect  to  cheap  reliable  supplies  of  coal 
for  fuel,  and  water  for  condensing  purposes,  and  into  the  same 
network  will  also  be  fed  energy  from  the  various  hydroelectric 
installations. 

Marked  advances  have  been  made  during  the  past  year  in  the 
application  of  electricity  to  the  electric  furnace.  It  is  estimated 
that  the  number  of  electric  furnaces  in  the  United  States  has  been 
increased  about  40  per  cent'  in  the  past  year  and  that  there  are 
now  in  operation  over  five  times  the  number  that  existed  five 
years  ago.  The  world's  output  of  steel  from  electric  furnaces 
has  now  grown  to  approximately  four  million  tons  per  annum. 
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Experience  has  demonstrated  that  the  electric  furnaces  can 
utilize  the  cheapest  and  most  inferior  raw  material  to  produce 
steel  of  the  most  uniform  and  highest  quality,  with  the  greatest 
regularity.  The  cost  of  steel  so  produced,  while  reasonable,  con- 
sidering its  quality,  was  higher,  until  recently,  than  that  pro- 
duced by  the  open-hearth  method.  It  is  now  possible  to  pro- 
duce electric  steel  at  substantially  the  cost  of  that  produced  by 
the  open-hearth  method.  This  result  has  been  brought  about 
partly  by  the  increased  cost  of  the  open-hearth  method,  due  to  a 
variety  of  well  known  causes,  but  largely  by  a  reduction  in  the 
cost  of  electric  furnace  operation.  The  marked  change  which  has 
taken  place  in  the  reduction  of  the  cost  of  operating  electric 
furnaces  is  based  upon  greatly  increasing  the  rate  at  which 
energy  is  delivered  to  the  metal,  both  during  the  melting  and 
the  refining  period.  This  has  reduced  the  time  required  for  an 
individual  heat  and  also  the  kilowatt  hours  required  per  ton  of 
metal  melted,  with  a  net  result  of  increasing  the  daily  output 
of  the  furnace. 

As  a  concrete  example,  I  mention  the  history  of  a  five-ton  fur- 
nace. It  was  originally  supplied  with  800  kv-a.  at  80  volts. 
This  was  increased  to  2000  kv-a.  at  150  volts  for  the  melting 
period  and  about  1400  kv-a.  at  100  volts  for  the  refining 
period.  The  time  for  the  heat  was  reduced  from  six  to  three 
hours,  power  consumption  was  reduced  from  877  kw-hr.  to  588 
kw-hr.  per  ton,  and  the  number  of  heats  per  24  hours  was  in- 
creased from  three  to  five,  increasing  the  net  output  from  15  to 
25  tons. 

Electric  resistance  furnaces  of  large  sizes,  for  special  heat  treat- 
ment requiring  unusual  exactness,  are  being  extensively  used, 
producing  results  greatly  superior  to  oil  or  gas  fire  furnaces. 

Electric  welding,  both  by  the  arc  and  incandescent  method,  is 
being  rapidly  extended  and  is  destined  to  greater  development 
in  ship-building  and  similar  operations. 

Electric  engineers  have  been  devoting  much  time  to  the  solu- 
tion of  many  war  problems.  It  is  not  desirable  or  possible  to 
review  such  work  at  present,  but  when  the  veil  is  lifted,  we  will  all 
be  gratified  with  the  result.  We  must  content  ourselves  with 
the  mere  statement  that  this  work  has  covered  means  for  thg  de- 
tection of  the  pirate  submarine;  wireless  signalling  and  tele- 
phoning for  army  and  navy,  and  aircraft  devices;  searchlights 
of  novel  design  and  great  power;  improved  methods  in  manu- 
facture of  ammunition  and  ordnanoe;  electro-chemical  work  of 
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every  description;  electric  welding;  X-ray  sets  of  greater  sim- 
plicity and  accuracy;  and  many  other  lines  too  numerous  even 
to  mention. 

The  great  industrial  research  laboratories,  the  educational  and 
governmental  research  departments  have  all  co-operated  enthus- 
iastically and  effectively,  and  the  members  of  their  staffs  have 
labored  day  and  night,  without  regard  to  pecuniary  reward  or 
public  applause,  sustained  entirely  by  the  high  purpose  of  giving 
their  best  to  the  service  of  the  country.  I  hope  the  time  may 
come  when  the  story  may  be  told,  so  that  the  world  may  realize 
the  debt  which  it  owes  to  scientific  men  and  engineers,  without 
whose  arduous,  unselfish  and  almost  inspired  work,  o\u-  cause, 
righteous  as  it  is,  would  have  no  chance  of  a  victorious  con- 
clusion. 

In  my  address  at  the  opening  of  the  mid-winter  convention  of 
the  Institute,  in  February,  1918,  I  called  attention  to  the  ad- 
vantages which  it  seemed  to  me  would  follow  a  more  general 
electrification  of  the  steam  railroads  of  the  country.  I  merely 
repeat  at  the  present  time  that  electric  locomotives  have  been 
so  improved  and  simplified  that  they  are  competent  to  haul  the 
heaviest  train  that  can  be  held  together  with  the  present  train 
construction;  to  operate  at  the  highest  speed  permissible  by  the 
alignment  of  the  road  and  independent  of  its  grades;  and  that 
the  electric  locomotives  can  meet  in  the  most  efficient  and  ade- 
quate manner  the  transportation  problems  confronting  the 
country,  and  offer  better  results  than  are  now  obtained  or  seem 
possible  with  steam  locomotives. 

There  can  be  no  question  that  railroad  electrification  is  not 
only  economical  but  imperatively  needed  to  improve  the  present 
standards  of  steam  operation.  Our  mountain  districts  are  con- 
gested almost  entirely  by  the  limitations  of  the  steam  railroad 
systems,  and  the  addition  of  more  tracks,  under  such  conditions, 
is  not  the  best  solution  of  the  problem.  The  electrified  divisions 
of  the  steam  roads  have  been  free  from  troubles  during  the  past 
severe  winter  and  I  repeat  that  the  coal  famine  which  the  country 
suffered  last  winter  could  have  been  largely  avoided  if  the  steam 
railroads  had  been  electrified.  Moreover,  it  should  not  be  for- 
gotten that  steam  locomotives  bum  about  25  per  cent  of  the 
entire  coal  mined  in  the  United  States  and  that  12  per  cent  of 
the  entire  ton  mileage  movement  of  freight  and  passengers 
carried  over  our  railroad  tracks  is  represented  in  cars  and  tenders 
required  to  havd  coal  to  supply  steam  for  the  locomotives. 
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It  is  a  tniism,  which  has  been  frequently  stated,  that  war 
requires  the  mobilization  of  the  nation's  industries  and  their 
devotion  to  essential  work.  This  is  especially  true  in  this 
country,  as  it  has  been  necessary  in  addition  to  create  substan- 
tially new  industries  on  an  enormous  scale,  such  as  the  production 
of  ships,  ordnance,  ammunition,  airplanes,  chemicals,  etc.  To 
operate  these  industries,  it  has  been  necessary  to  mobilize  to 
thie  fullest  extent  our  available  material  and  labor,  but  material 
and  labor  can  only  be  converted  into  war  work  by  the  application 
of  power.  This  power,  in  view  of  its  great  economy  and  flexi- 
bility, must  be  electrical. 

While  this  country  was  fortunate  in  having  available  a  mag- 
nificent system  of  power  stations,  so  great  was  the  magnitude  of 
the  demand  for  increased  power,  created  by  the  war  industries, 
that  it  is  estimated  that  there  will  be  a  shortage  of  at  least 
500,000  kw.  of  electric  power  in  the  Eastern  district. 

It  takes  from  on^  to  two  years  to  build  and  equip  the  large 
units  which  are  essential  for  the  production  of  such  power. 
This  illustrates  the  importance  of  all  of  the  methods  which  I 
have  mentioned  to  conserve,  utilize  and  increase  the  efficiency 
of  existing  equipment  and  investment,  as  such  methods  can 
produce  results  in  a  much  shorter  time. 

It  is,  however,  vitally  important  that  the  great  electrical 
power  producing  companies  of  this  country  should  be  helped  in 
every  way  to  meet  the  heavy  demand  which  is  placed  upon  them. 
It  has  been  demonstrated  that  the  quickest,  most  efficient,  and 
altogether  best  way  to  meet  the  demand  for  power  is  through 
the  expansion  of  such  existing  organizations  and  installations. 

Fortunately,  there  is  general  appreciation  of  the  fact  and 
comprehensive  schemes  are  under  consideration  which  will  pro- 
vide for  the  erection  of  large  steam  electric  power  stations  in  the 
mining  regions.  Favorable  locations  exist  which  are  within 
reach  by  transmission  lines  of  electric  power  stations  now  serving 
large  industrial  areas.  By  interconnection,  present  investment 
and  machinery  will  be  better  utilized  and  a  large  amoimt  of 
additional  electric  power  made  available,  without  making  any 
increased  demand  upon  our  congested  railroad  facilities. 

It  is  evident,  therefore,  that  we  need  to  consider  and  put  into 
effect,  every  practical  method  for  conserving  our  existing  develop- 
ments, and  also,  we  should  take  a  courageous  view  of  the  future; 
we  should  provide,  for  the  futtu-e  growth  at  least  as  liberally  as 
has  been  the  custom  of  the  managers  of  the  great  public  service 
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systems  in  the  past.  It  has  been  their  custom  to  build  from 
two  to  three  years  in  advance  of  existing  requirements,  in 
anticipation  of  the  future.  I  have  yet  to  leam  of  a  single  import- 
ant instance  where  such  foresight  has  not  been  amply  justified. 

I  would  say  in  conclusion  that  the  saving  in  fuel,  by  such 
improvements  as  I  have  mentioned  in  various  parts  of  my 
address,  amounts  to  many  millions  of  tons  every  year;  the 
saving  in  material  and  investment  represents  millions  of  dollars, 
which  manifestly  represent  service  of  the  highest  value  to  the 
industry  and  to  the  country.  Such  work  is  just  as  much  the 
province  of  the  electrical  engineer  as  improvements  in  the  design 
and  efficiency  of  the  electrical  units,  and  requires  the  same 
scientific  ability,  vision  and  industry. 

While  I  admit  to  considerable  prejudice  in  favor  of  things 
electrical,  I  think  that  in  no  other  field  of  engineering  has  there 
been  such  a  remarkable  improvement  and  a  condition  which  so 
nearly  approaches,  in  the  matter  of  efficiency,  to  100  per  cent; 
as  has  been  shown  in  the  field  of  electricity.  This  phenomenal 
record  is  not  the  result  of  accident.  It  has  been  due  to  the 
enthusiastic  devotion  of  the  scientist  and  engineer  and  execu- 
tives to  their  work.  They  have  not  been  satisfied  with  things 
as  they  are,  or  with  mediocrity.  They  have  wanted  the  best; 
have  not  been  contented  with  a  75  per  cent  to  80  per  cent 
efficiency  when  something  better  was  obtainable.  The  causes  of 
inefficiency  have  been  scientifically  attacked;  the  losses  have 
been  studied  and  their  causes  discovered  and  removed. 

Concurrently  with  the  improvements  in  the  efficiency  of  con- 
version, the  engineer  has  studied  ways  and  means  to  reduce  the 
amount  of  material  and  the  amount  of  labor  required  to  produce 
a  given  effect,  and  has  been  equally  successful  in  increasing  the 
effective  use  of  material  and  labor,  and  as  a  result,  until  inter- 
rupted by  the  war,  the  cost  of  electrical  machinery  and  devices 
of  every  description  has  shown  a  progressive  reduction,  not  only 
without  sacrifice  of  quality,  but  with  great  improvement  in 
quality.  This  truly  marvelous  work,  we  can  safely  affirm,  is  the 
foundation  of  the  phenomenal  growth,  prosperity  and  present 
commanding  position  of  the  electrical  industry,  which  is  a  monu- 
ment to  the  broad  vision,  intellectual  honesty,  faithful  work  and 
the  correct  economic  viewpoint  of  the  electrical  engineer  and  his 
co-workers. 
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ANNUAL  REPORT  OF  TRACTION  AND  TRANSPORTATION 

COMMITTEE 

To  the  Board  of  Directors j 

The  past  year  has  been  one  of  unprecedented  difficulties  for 
all  railway  transportation  companies.  With  labor  conditions 
at  their  worst,  the  maximum  tonnage  ever  offered,  rolling  stock 
and  motive  power  sadly  deteriorated  due  to  a  long  period  of  lean 
income — all  added  to  a  winter  of  unprecedented  severity,  it  is 
little  wonder  that  the  trunk  lines  practically  collapsed  under 
the  strain.  The  collapse  of  the  steam  railways,  however,  did 
not  extend  to  electrified  lines,  which  once  more  demonstrated 
the  superiority  of  electricity  as  a  motive  power,  particularly  in 
cold  weather.  This  was  especially  true  on  the  electrified  steam 
railways,  such  as  the  Norfolk  &  Western,  and  the  Chicago,  Mil- 
waukee &  St.  Paul  Railways,  the  latest  railways  to  be  electrified; 
and  the  Pennsylvania,  New  York  Central,  New  Haven  Rail- 
ways, and  others.  These  roads,  one  and  all,  operated  success- 
fully through  the  hardest  weather.  The  record  is  one  of  which 
all  electrical  engineers  may  be  proud. 

The  advantages  of  electrification  are  now  almost  universally 
recognized.     The  main  features  are: 

1st,  Increased  capacity. 

2nd,  Economy  in  fuel  consumption. 

3rd,  More  reliable  service. 

4th,  Greater  safety  in  operation  on    mountain    grades    and 
through  tunnels. 

5th,  A  higher  class  of  service. 

The  first  two  advantages  were  especially  emphasized  by 
President  Rice  in  his  masterly  plea  before  the  Midwinter  Con- 
vention for  the  electrification  of  railways  as  a  war  measure,  and 
the  Committee  urges  the  most  careful  consideration  of  this 
matter  by  the  Government  and  the  railways. 

.There  are  many  places  where  electrification  will  show  an 
actual  economy  in  operation,  especially  on  lines  such  as  the 
Norfolk  &  Western  and  in  the  Broad  Street  Terminal  of  the 
Pennsylvania  Railroad.  In  both  of  these  cases,  the  capacity  of 
the  railroads  had  been  reached  with  steam,  and  it  would  have 
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been  utterly  impossible  to  handle  the  traffic  which  they  have 
had  in  the  past  year  with  steam  locomotives.  It  is  impossible 
to  estimate  or  to  appraise  all  of  the  advantages  of  electrification. 
Electrification  will  eventually  be  adopted  because  the  character 
of  service  will  be  so  much  better  that  the  railways  cannot  afford 
to  do  otherwise.  During  the  war,  however,  the  amount  of 
electrification  work  done  will  probably  be  limited  to  places 
where  it  is  absolutely  essential,  or  especially  advantageous,  in 
order  to  facilitate  handling  the  traffic  necessary  for  the  proper 
prosecution  of  the  war. 

In  this  connection,  it  is  interesting  to  note  that  the  C.  M.  & 
St.  P.  Ry.,  in  continuing  its  electrification  work  with  3000  volts 
d-c,  is  electrifying  the  two  engine  divisions  from  Seattle  east, 
which  will  give  them  a  total  of  approximately  650  miles  of 
electrified  main  Une.  Work  is  progressing  on  this  new  line 
very  rapidly,  and  it  is  expected  that  operation  will  begin  early 
in  1919.  It  is  reported  that  this  line  will  be  the  official  route 
from  Chicago  to  Seattle. 

The  Pennsylvania  Railroad  has  recently  put  in  electric 
operation  the  Chestnut  Hill  division  of  the  line  running  into 
Broad  Street  Station,  practically  duplicating  the  single-phase 
equipments  on  the  Paoli  division. 

In  street  railway  circles,  the  past  year  has  been  one  of  great 
hardships.  The  long  continued  cold  weather,  combined  with 
the  heavy  falls  of  snow,  pyramided  the  troubles  and  left  the  street 
railways  in  many  cases  almost  as  bad  off  as  the  steam  railways. 

A  number  of  things  combined  to  produce  this  result.  First 
and  foremost,  is  the  general  labor  and  material  situation  which 
makes  it  difficult,  if  not  impossible,  to  secure  good  maintenance. 
In  addition,  the  street  railways  have  been  working  for  several 
years  under  increasing  financial  difficulties,  so  that  in  many 
cases  the  equipments  were  in  no  condition  to  stand  the  extra 
strain.  This  led  to  a  very  unusual  number  of  break-downs 
when  the  severe  weather  was  encountered,  and  the  long  con- 
tinued cold  gave  no  opportunity  to  recuperate. 

Another  feature  which  contributed  in  a  greater  or  less  degree 
was  the  light  weight  campaign  which  has  taken  such  a  strong 
hold  of  all  of  the  railways  of  the  country.  Ten  years  ago  there 
was  great  need  for  this  campaign.  The  standard  street  railway 
equipment  consisted  of  nothing  less  than  four  40-h.p.  motors, 
which,  being  of  the  non-ventilated  type,  were  comparatively 
heavy.     Very  few  people  had   paid   any   particular  attention 
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to  the  weight  of  railway  equipments,  either  of  motors,  car 
bodies  or  trucks.  Consequently,  the  weight  per  passenger  was 
very  high  on  practically  all  street  railways.  The  idea  became 
prevalent  that  it  costs  a  railway  5  cents  per  lb.  per  annum  to 
haul  their  equipments  around,  so  that  it  has  been  the  end  and 
aim  of  practically  every  man  having  anything  to  do  with  the 
design  of  cars  and  eqtdpments,  to  cut  the  weight.  This  has  been 
done  in  a  more  or  less  scientific  manner,  but  like  all  campaigns  of 
this  kind,  the  pendulum  has  swung  past  the  limit  in  some  re- 
spects, probably  due  to  the  fact  that  it  is  impossible  to  recognize 
the  limit  until  it  has  been  passed  and  trouble  encountered. 
Fortunately,  this  has  not  been  sufficiently  widespread  to  do  more 
than  point  to  the  limit. 

Possibilities  for  trouble  with  light  weight  motors  have  been 
approached  from  four  angles:  First,  open  ventilation  leading 
to  the  introduction  of  snow  into  the  working  parts  of  the  motor, 
with  resulting  danger  to  insulation;  second,  higher  armature 
speeds,  leading  to  more  rapid  deterioration  of  armatures  and 
wear  of  bearings;  third,  reduction  of  weight  by  increasing  the 
stresses  in  material;  fourth,  the  danger  from  overloading  due  to 
lack  of  sufficient  thermal  capacity  to  withstand  abnormal  loads. 

The  ventilated  motor  has  come  to  stay.  Its  advantages  are 
too  many  to  give  up  because  of  the  small  amount  of  damage  re- 
sulting from  snow.  The  logical  thing  to  do  when  there  is  danger 
from  this,  is  to  put  tight  covers  over  the  motor  openings  in  the 
winter  time.  The  additional  margin  due  to  the  lower  ambient 
temperature  in  the  winter  will,  in  practically  all  cases,  be 
sufficient  to  keep  the  motor  temperature  within  safe  limits. 

Higher  armature  speeds  should  be  approached  with  con- 
servatism, taking  care  that  the  armature  is  sufficiently  substan- 
tial to  withstand  the  additional  strains,  and  that  bearings  are 
of  liberal  dimensions,  with  adequate  lubrication. 

The  use  of  high-grade  steel  is  recommended,  but  is  preferred 
as  an  additional  factor  of  safety,  rather  than  to  get  minimum 
weight.  It  must  be  remembered  that  it  is  not  always  possible 
to  secure  special  grades  of  material  for  making  repairs. 

Trouble  from  overloading  with  the  light  weight  motors  has 
come  as  a  very  disagreeable  surprise  to  operators.  It  is  subject 
to  careful  analysis  and  the  reasons  are  easily  understood.  The 
chief  reason  is  that  the  limitations  of  the  ventilated  motor  are 
not  generally  understood. 

The  trade  has  been  educated  to  believe  that  the  continuous 
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rating  of  the  railway  motor  is  the  one  that  determines  its  service 
capacity;  and  that  if  its  continuous  rating  is  equal  to  the  in- 
tegrated loads  in  service,  it  will  be  ample  to  perform  the  work. 
This  method  of  selecting  motors  was  quite  satisfactory  with  the 
old  non- ventilated  type  of  motors,  where  the  motor  had  sufficient 
thermal  capacity  to  absorb  the  losses  generated  in  the  short  ap- 
plications of  heavy  loads,  without  reaching  abnormal  tempera- 
tures. The  modem  highly  ventilated  motor,  however,  has  rela- 
tively a  very  high  continuous  rating,  as  compared  with  the  one- 
hour  rating.  The  latter,  as  is  well  known,  is  really  the  gage  of 
the  thermal  capacity  of  the  motor  and  of  its  capacity  for  hand- 
ling heavy  intermittent  loads.  It  will  be  seen  at  once  that 
when  the  motor  that  is  selected  for  its  continuous  rating,  is  re- 
quired to  develop  four  times  this  load  for  a  few  minutes  under 
some  abnormal  condition,  a  non-ventilated  motor  wotdd  be 
loaded  to  only  about  60  per  cent  above  its  one-hour  rating,  while 
the  highly  ventilated  motor  wotdd  be  loaded  to  two  and  one- 
half  or  three  times  its  one-hoiu*  rating,  resulting  in  a  much 
greater  rise  in  temperature.  Where  this  abnormal  load  is  applied 
at  low  speed,  as  is  apt  to  be  the  case,  the  trouble  is  further  ac- 
centuated, due  to  the  decreased  ventilation  secured  with  fan- 
cooled  motors. 

The  logic  of  this  situation  is  simply  that  motors  of  the  venti- 
lated type  for  a  given  service  will  require  a  higher  continuous 
rating  than  one  of  the  non-ventilated  type.  Due  regard  must 
be  taken  to  the  capacity  for  short-time  over  loads  in  order  to 
avoid  reaching  a  dangerous  temperature  under  abnormal 
conditions. 

There  seems  to  be  a  distinct  tendency  towards  more  con- 
servative selection  of  equipments  for  street  car  service,  since  it 
has  been  definitely  established  that  the  cost  of  maintenance  of 
motors  which  axe  worked  beyond  their  capacity,  added  to  the 
cost  of  tmreliable  service,  is  so  high  as  to  off -set  any  possible  sav- 
ing resulting  from  the  lighter  weight.  This  is  also  leading  to  a 
return  to  four-motor  equipments,  simply  because  of  their  greater 
reliability  under  abnormal  conditions.  It  is  hoped,  however, 
that  any  retiim  along  these  Unes  will  be  taken  with  the  greatest 
care  and  with  the  maximum  utilization  of  the  experience  that 
has  been  secured  up  to  date.  Having  been  at  both  extremes,  it 
should  now  be  possible  to  adopt  a  mean  position  which  will  give 
the  very  best  results. 

Great  savings  in  energy  can  be  effected  without  cutting  the 
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weight  of  the  eqtdpment,  by  attention  to  improved  methods  of 
operation  and,  especially,  by  the  further  use  of  field  control.  It 
is  hoped  also  that  eventually  it  will  be  possible  to  make  use  of 
regenerative  control  for  elevated  and  subway  equipments,  at 
least.  This  has  worked  out  so  satisfactorily  on  mountain 
grades  that  its  extension  to  car  equipment  seems  very  desirable. 
The  activity  of  the  Railway  Committee  in  the  past  year  has 
been  at  a  low  ebb,  largely  due  to  the  fact  that  everyone  in  any 
way  connected  with  transportation  business,  has  been  too  busy 
to  take  up  much  committee  work.  It  is  hoped  that  another 
year  may  see  an  improvement  in  this  respect,  so  that  a  con- 
structive programme  may  be  carried  out. 

N.  W.  Storer,  Chairman, 
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ANNUAL  REPORT  OF  THE  COMMITTEE  ON  ELECTRICAL 

MACHINERY 

To  the  Board  of  Directors, 

The  Committee  on  Electrical  Machinery  submits  the  follow- 
ing report  for  the  year  of  1917-18. 

At  the  first  meeting  of  this  new  committee  called  in  October 
to  discuss  the  policy  to  be  adopted,  it  was  foimd  that  industrial 
conditions  were  such  as  to  make  full  and  regular  meetings  an 
impossibility,  and  that  the  activities  of  the  Committee  would 
therefore  have  to  be  restricted.  There  was,  moreover,  a  feeling 
among  those  present  that  it  would  be  diflBcult  this  year  to  secure 
papers  from  the  men  in  the  industry,  and  it  was  decided  that  the 
Committee  limit  its  activities  to  the  presentation  of  the  subject 
of  "Polyphase  Commutator  Motors,"  and  to  be  prepared  if 
necessary  to  present  a  critical  review  of  "The  Development  of 
Turbo- Alternators".  Contrary  to  our  expectations,  however,  an 
unusual  nimiber  of  papers  were  presented  for  consideration  and 
the  Committee  was  kept  busy  sifting  out  the  desirable  material. 

It  was  clear  from  the  discussion  of  the  three  papers  on  "A-C. 
Commutator  Motors"  that  little  is  known  about  the  possibilities 
of  the  polyphase  commutator  machine,  and  that  the  available 
literature  in  English  is  so  meagre  and  the  methods  of  attack  of 
the  various  writers  so  radically  different  that  it  would  seem  to 
be  the  duty  of  the  Institute  to  find  someone  who  knew  the  sub- 
ject and  who  also  knew  how  to  present  it  to  work  up  the  exist- 
ing material  into  a  comprehensive  treatise  for  publication  in 
the  Transactions. 

We  believe  that  one  of  the  principal  functions  of  the  technical 
committees  is  to  keep  the  literature  of  their  subject  in  good 
shape.  The  manufacturers  will  see  to  it  that  new  developments 
are  brought  to  the  attention  of  the  members.  In  line  with  this 
point  of  view  the  Committee  has  had  a  critical  bibliography  pre- 
pared on  the  subject  of  "Unbalanced  Pull  in  Electrical  Machin- 
ery" to  be  attached  to  a  paper  to  be  published  in  the  Proceed- 
ings this  summer. 

In  the  April  Proceedings  there  was  published  a  paper  by  Mr. 
Lamme  which  created  considerable  discussion.  Mr.  Lamme 
had  found  that  the  graduates  of  our  universities  have  not  a  dear 
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conception  of  the  operation  of  single-phase  induction  motors, 
and  he  wrote  a  paper  giving  a  method  of  treatment  which  he  had 
found  satisfactory  for  the  graduate  students  of  the  Westing- 
house  Co.  Such  papers,  although  they  do  not  present  new 
material,  are  of  special  interest  to  the  younger  members  of  the 
Society  and  might  well  be  presented  under  the  auspices  of  the 
Educational  Committee.  From  the  discussion  of  Mr.  Lamme's 
paper  it  was  obvious  that  there  were  decided  differences  of  opinion 
among  teachers  and  practising  engineers  as  to  the  relative  ad- 
vantages of  vector  diagrams,  equivalent  circuits  and  complex 
quantities  from  an  educational  point  of  view. 

While  the  chief  function  of  the  technical  committees  is  to 
secure  papers  in  their  respective  fields.  The  Committee  on  Elec- 
trical Machinery  considers  that  it  might  well  be  used  as  a  clear- 
ing house  for  suggested  changes  to  the  Standardization  Rules,  a 
place  where  suggestions  dealing  with  machinery  might  be 
thoroughly  thrashed  out  before  being  submitted  to  the  Standards 
Committee. 

Alexander  Gray,  Chairman. 
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ANNUAL  REPORT  OF  THE  LIGHTING  AND 
ILLUMINATION  COMMITTEE 

To  the  Board  of  Directors, 

I  beg  to  submit  on  behalf  of  the  Lighting  and  Illumination 
Committee  the  following  report  for  the  year  1917-18. 

It  is  with  regret  that  the  Committee  finds  it  necessary  to  re- 
port that  again  this  year  it  did  not  seem  feasible  to  hold  a  session 
of  the  Institute  for  the  consideration  of  papers  on  illumination. 
The  Committee  held  a  meeting  early  in  the  year  and  proposed 
the  following  subjects  as  suitable  ones  for  presentation  before 
the  Institute: 

(1)  Intensive  and  Ornamental  Street  Lighting,  as  projected 
for  a  number  of  cities  in  the  South  and  Southwest. 

(2)  A  general  discussion  of  Industrial  Lighting  Codes; 

(3)  A  discussion  of  Standardized  Methods  of  Lighting  Can- 
tonments, Aviation  Fields,  etc.,  provided  the  report  of  the 
I.E.S.  Committee  on  this  subject  will  be  available  for  public 
presentation. 

The  Chairman  was  authorized  to  make  an  inquiry  regarding 
the  possiblitiy  of  securing  papers  on  one  or  more  of  these  sub- 
jects and  report  the  results  subsequently  to  the  Committee,  but 
following  a  canvass  of  the  situation  it  was  found  impossible  to 
arrange  such  a  program.  Consequently,  any  thought  of  re- 
questing one  of  the  sessions  of  the  Institute  to  discuss  papers  on 
illumination  had  to  be  abandoned.  When  conditions  once 
again  become  normal,  it  will  be  possible  to  provide  interest- 
ing programs  on  this  aspect  of  electrical  engineering,  but  for 
the  time  being  it  would  seem  that  the  Committee  can  do  no 
more  than  remain  intact  and  wait. 

A  brief  summary  of  progress  in  electric  illumination  during 
the  past  year  is  appended. 

Progress  in  Electric  Illumination 
The  general  trend  of  practise  for  direct  lighting  is  very  de- 
cidedly toward  units  of  low  brightness.  .The  extended  use  of 
the  high-powered  incandescent  lamps  has  stimulated  the  appre- 
ciation of  good  diffusing  devices  which  will  give  satisfactory  light 
distribution  but  by  their  low  brightness  minimize  glare.  The 
enormous  increase  in  commercial  activities,  particularly  in  those 
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lines  which  are  connected  with  supplies  for  the  Government,  has 
made  night  work  the  rule  and  brought  a  realization  of  the  im- 
portance of  proper  illumination  from  the  standpoint  both  of  the 
maintenance  of  quality  and  quantity  in  production  and  of  the 
health  and  comfort  of  the  worker.  Progress  toward  this  end  is 
evidenced  in  the  revision  of  industrial  lighting  codes  in  several 
states  and  by  the  appointment  of  a  National  Committee  on 
Lighting  to  act  as  a  sub-committee  of  the  Advisory  Commission- 
Council  for  National  Defense  for  the  preparation  of  suggested 
regulations  to  govern  industrial  lighting!  which  have  subse- 
quently been  published  in  the  form  of  a  Code  of  Lighting  by  the 
Committee  on  Labor  with  a  suggestion  that  the  Code  be  put  into 
effect  in  every  state  in  the  country. 

War  conditions  have  also  brought  about  a  more  careful  con- 
sideration of  protective  lighting  and  the  best  way  to  utilize  it. 
Thus  it  has  been  found  that  in  many  cases  inexpensive  re- 
flectors of  the  ordinary  type  may  be  used  for  lighting  open 
spaces  in  and  around  a  plant  leaving  the  special  flood  lighting 
units  for  those  locations  requiring  particular  treatment.  In 
many  cases  the  use  of  a  large  number  of  properly  shaded  low- 
intensity  units  will  avoid  dangerous  shadows  better  than  high 
powered  sources,  even  though  the  light  flux  from  the  latter  is 
greater. 

A  sphere  formerly  considered  impregnably  held  by  the  arc 
lamp  has  been  finally  invaded  by  the  incandescent  lamp. 
Motion  picture  projection  work  required  light  flux  of  extremely 
great  intensity  and  the  small  area  and  high  intrinsic  brilliancy 
of  the  source  of  light  in  the  arc  has  enabled  it  to  meet  the  re- 
quirements in  a  way  hard  to  duplicate.  By  using  a  mirror  back 
of  the  filament  and  for  a  condensing  lens  one  of  the  Fresnel  type, 
it  has  been  found  possible  to  make  an  incandescent  lamp  which 
will  give  satisfactory  results  within  a  certain  limited  field  of 
motion  picture  work. 

The  motion  picture  theatre'  has  in  itself  become  an  arena  in 
which  unique  lighting  effects  are  being  experimented  with  con- 
tinuously. Thus  in  several  cases,  by  the  use  of  several  circuits 
in  each  fixture,  lamps  of  different  colors  may  be  lighted  and  there- 
by give  a  color  tone  to  the  whole  illumination. 

The  action  of  the  Government  in  attempting  to  save  fuel  by 
restricting  its  use  for  lighting  purposes  has  shown  in  many 
localities  the  important  part  played  by  display  lighting  in  main- 
taining the  illumination  of  streets  and  sidewalks. 

Edward  P.  Hydb,  Chairman. 
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ANNUAL   REPORT   OF   THE   COMMITTEE   ON 
TRANSMISSION  AND  DISTRIBUTION 

To  the  Board  of  Directors, 

The  Committee  on  Transmission  and  Distribution  submits 
the  following  report  for  the  year  1917-1918: 

Experience  during  the  preceding  year  indicated  that  the  Com- 
mittee was  entirely  too  large.  At  the  writer's  suggestion  the 
membership  was  reduced  during  the  present  year  from  24  to 
14  members.  We  now  suggest  that  the  Committees  be  further 
reduced  to  not  exceeding  10  members.  It  would  be  an  act  of 
courtesy  on  the  part  of  a  member  to  decline  the  appointment 
when  it  is  offered  him  if  he  can  take  no  part  in  the  work  of  the 
Committee. 

It  has  been  very  difficult  to  make  progress  in  the  problems  be- 
fore us  on  account  of  every  one,  almost  without  exception,  being 
employed  on  war  work  or  very  urgent  duties  contributing  to 
the  war.  Some  of  the  members  who  were  most  helpful  in  the 
past  have  gone  into  the  government  service  and  have  not  been 
able  to  continue  the  work  which  they  started  last  year.  Mr, 
W.  D.  Peaslee  of  the  Oregon  Agricultural  College,  who  has  been 
investigating  the  insulator  problem  from  a  chemical  and  mi- 
croscopic standpoint,  is  now  captain  in  the  United  States  Army. 
Professor  Harris  J.  Ryan,  who  is  our  strong  right  arm  in  insulator 
matters,  is  giving  practically  all  of  his  time  to  government  work. 
However,  some  progress  has  been  made. 

High-Tension  Insulators 
Last  year  we  had  papers  by  Messrs.  Austin,  Peaslee  and  Ryan 
pointing  out  clearly  that  progress  in  the  design  of  high-tension 
insulators  must  provide  for  (1)  reduction  of  porosity  to  the  low- 
est possible  limit.  (2)  joints  designed  to  avoid  cracking  from  ex- 
pansion and  contraction  and  (3)  ample  mechanical  strength. 
Mr.  G.  I.  Gilchrest  has  now  made  some  very  careful  studies  of 
insulators,  both  from  the  laboratory  point  of  view  where  dis- 
tribution of  electric  stresses  was  considered,  and  from  the 
practical  point  of  view  where  troubles  and  failures  by  operating 
companies  under  wide  varieties  of  conditions  were  examined. 
We   hope  that  insulator  manufactturers   will  give  careful  con- 
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sideration  to  the  design  of  insulators  that  Mr.  Gilchrest  has 
evolved.  This  paper  shows  very  clearly  where  and  why  many 
of  the  old  insulator  designs  failed.  While  it  is  quite  probable 
that  a  perfect  insulator  will  never  be  obtained,  one  has  but  to 
compare  the  insulator  of  today  with  that  of  five  years  ago  to  see 
that  great  progress  has  been  made. 

At  least  one  large  transmission  company  is  very  hopeful  of  the 
wood  stick  insulator  for  voltages  up  to  100,000.  This  insulator 
has  been  in  successful  service  in  the  West  for  some  years  on 
60,000-volt  service.  We  had  a  paper  listed  for  this  meeting 
on  the  wood  stick  insulator  by  Mr.  H.  H.  Cochrane,  and  hoped 
to  get  full  details  of  it  and  record  of  the  service  it  has  given,  but 
at  the  last  moment  Mr.  Cochrane  asked  to  have  the  matter  go 
over  until  a  later  date,  as  some  difficulties  of  impregnation  had 
been  encountered. 

Lead  Sheath  Cables 
Last  year  at  the  annual  meeting  a  whole  session  of  the  In- 
stitute was  devoted  to  the  discussion  of  dielectric  losses  in  cables. 
It  was  shown  that  cables  insulated  with  mineral-base  compounds 
had  greatly  reduced  dielectric  losses  over  those  insulated  with 
vegetable-base  compounds.  It  was  further  shown  that  cable 
ratings  under  some  conditions  were  more  than  doubled  and  on 
the  average  could  be  increased  20  or  30  per  cent  when  the  mineral- 
base  insulating  compounds  are  used.  A  start  has  been  made  in 
the  matter  of  preparing  specifications  covering  dielectric  losses 
in  cables.  Engineers  of  some  of  the  principal  cable  manu- 
facturers have  agreed  to  cooperate.  Before  such  specifications 
can  be  formulated,  at  least  two  fundamental  points  must  be 
considered  and  agreed  upon: 

First,  a  standard  method  of  making  tests  must  be  established. 
Very  few,  even  of  the  cable  manufactiurers,  are  equipped  for 
measuring  dielectric  losses  and  probably  no  users  of  cables  have 
facilities  for  properly  making  these  measurements.  Some  very 
much  simpler  and  more  easily  workable  apparatus  than  is  now 
available  must  be  developed  before  commercial  routine  tests  of 
this  kind  can  be  applied  to  the  output  of  the  cable  factories.  If 
a  portable  testing  set  for  measuring  dielectric  loss  were  devised 
it  could  be  used  to  test  newly  installed  cable  as  well  as  to  secure 
experimental  data  on  old  feeder  cables  under  various  conditions 
of  age,  temperature,  charred  insulation,  etc. 

Mr.  S.  M.  Farmer  recently  presented  k  paper  describing  a 
method  of  determining  power  loss  in  three-conductor  cables,  the 
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loss  being  measured  directly  under  three-phase  conditions.  It 
is  hoped  that  the  method  he  followed  may  be  developed  for 
factory  tests. 

In  the  second  place,  data  must  be  collected  showing  the  limits 
of  the  losses.  To  secure  the  data  on  losses  is  a  diflBcult  matter 
at  this  time  when  men  as  well  as  laboratories  are  occupied  to  full 
capacity  on  war  work. 

Additional  information  is  being  obtained  on  the  characteris- 
tics of  insulating  compounds.  For  instance,  it  has  been  found 
that  cable  insulated  with  mineral-base  compound  will  not  with- 
stand a  high  insulation  test  when  cold,  as  the  insulation  resist- 
ance is  much  reduced  under  such  conditions.  All  this  compli- 
cates the  problem  of  preparing  specifications.  Evidently  much 
research  work  must  yet  be  done,  but  as  before  stated,  all  work 
of  this  sort  is  much  hampered  by  the  war. 

Mr.  E.  B.  Meyer  in  a  very  practical  paper  gives  the  experi- 
ence of  one  large  distributing  company  in  supplying  high- voltage 
cable  service  to  customers  in  cities  where  overhead  wires  are  per- 
missible and  where  the  expense  of  conduit  is  not  justified.  The 
method  while  adopted  as  a  war  expedient  has  doubtless  a  wide 
field  as  a  permanent  method  of  installation.  At  least  it  can  be 
used  until  the  demand  for  energy  in  the  particular  locality  is 
large  enough  to  justify  the  expense  of  underground  conduit. 

Mr.  W.  H.  Cole  this  year  presents  a  paper  as  result  of  the  ex- 
perience of  Edison  Electric  Illuminating  Company  of  Boston 
with  split-conductor  cables  and  balanced-relay  protection 
against  interruptions  caused  by  short  circuit  or  grounds.  It  is 
very  gratifying  to  note  the  success  which  has  been  attained  not- 
withstanding the  complexity  of  the  system  and  the  great  care 
which  must  be  exercised  in  installation  of  the  equipment.  All 
users  of  underground  cables  will  appreciate  Mr.  Cole's  work  in 
this  field. 

Suggestions  for  the  Future 

For  the  future  work  of  this  Committee  we  would  like  to  recom- 
mend that  investigation  of  the  insulator  problem  be  continued. 
While  at  present  porcelain  seems  to  be  the  most  available 
material,  yet  it  is  not  beyond  possibility  that  some  other  material 
such  as  fused  quartz  or  even  glass  may  be  used. 

Professor  Ryan  is  now  supervising  some  extensive  tests  at 
Leland  Stanford,  Jr.  University  of  aging  effect  on  insulators 
carried  through  a  large  number  of  temperature  cycles  corres- 
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ponding  to  the  daily  and  seasonal  variations  experienced  in 
practise.     The  result  of  these  tests  will  be  of  great  value. 

Further  investigation  of  the  fused  quartz  insulator  along  the 
lines  suggested  last  year  by  Mr.  Peaslee  will  be  well  worth  while 
as  soon  as  some  one  can  find  time  to  do  it. 

As  indicated  above,  the  matter  of  dielectric  loss  in  cables 
should  receive  most  careful  attention,  both  by  cable  manu- 
facturers and  users.  Manufacturers  must  not  be  hampered  by 
impractical  and  half-baked  specifications.  On  the  other  hand, 
conservatism  of  manufacturers  must  not  block  the  road  to  pro- 
gress, and  as  soon  as  the  laws  governing  dielectric  loss  can  be 
determined  and  a  practical  method  of  measuring  these  losses 
developed,  the  most  efficient  cable  will  be  called  for  and  must  be 
produced. 

L.  £.  Imlay»  Chairman 
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ANNUAL     REPORT     OF     ELECTROCHEMISTRY     AND 
ELECTROMETALLURGY  COMMITTEE 

To  the  Board  of  Directors, 

The  Committee  on  Electrochemistry  and  Electrometallurgy 
submits  the  following  report  for  the  year  1917-1918: 

It  did  not  appear  to  be  possible  during  the  past  year  to  secure 
any  papers  of  interest  on  electrochemical  and  electrometallurgi- 
cal  subjects.  One  paper  was  submitted  to  the  chairman  of  this 
committee  for  consideration  which  seemed  more  suitable  for 
presentation  to  the  American  Electrochemical  Society  than  to 
the  Institute. 

One  of  the  most  vitally  important  matters  to  Electrochem- 
istry and  Electrometallurgy  is  the  development  of  water  powers 
and  consequently  it  appeared  to  be  a  subject  which  would 
properly  come  under  the  consideration  of  this  Committee  more 
particularly  as  regards  the  matter  of  legislation  since  this  has 
probably  done  more  than  anything  else  to  hamper  their  develop- 
ment. Correspondence  with  the  Chairman  of  the  Public  Policy 
Committee  brought  out  the  fact  that  this  subject  h^  been  re- 
ferred to  the  standing  Committee  on  Public  Affairs  of  the  En- 
gineering Council. 

Both  as  regards  the  question  of  securing  papers  for  pre- 
sentation to  the  Institute  and  as  regards  all  matters  pertaining  to 
electrochemistry  and  electrometallurgy  much  more  valuable  re- 
sults could  probably  be  reached  were  some  scheme  worked  out 
by  which  there  could  be  cooperation  of  this  committee  and  the 
American  Electrochemical  Society.  With  this  end  in  view  a 
suggestion  was  made  to  the  Board  of  Directors  of  the  American 
Electrochemical  Society  that  it  consider  the  question  of  ap- 
proaching the  A.I.E.E.  with  the  object  of  forming  a  joint  com- 
mittee which  would  take  care  of  subjects  that  are  of  common 
interest  to  the  A.E.S.  and  the  A.I.E.E. 

Such  a  Committee  would  be  in  a  good  position  to  take  care  of 
various  papers  which  may  be  of  importance  to  both  societies, 
to  bring  to  the  attention  of  both  societies  matters  in  which  they 
have  a  common  interest  and  finally  to  make  arrangements  when 
possible  for  joint  meetings  of  the  Societies. 
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At  a  meeting  of  the  Board  of  the  American  Electrochemical 
Society  held  April  28,  1918,  the  Directors  acting  on  this  sugges- 
tion appointed  a  Committee  "to  co-operate  with"  this  Commit- 
tee. The  Committee  appointed  by  the  American  Electro- 
chemical Society  is  as  follows:-^ 

Dr.  Colin  G.  Fink,  Chile  Exploration  Co.,  202nd  Street  and 
Tenth  Ave.,  New  York. 

Howard  C.  Parmelee,  Metallurgical  &  Chemical  Engineering, 
McGraw-Hill  Co.,  Inc.,  36th  St.,  and  Tenth  Ave.,  New  York. 

C.  G.  Schluederberg,  Westinghouse  Electric  &  Mfg.  Co., 
East  Pittsburgh,  Pa. 

A  letter  was  received  from  Professor  Karapetoff  of  Cornell 
University  describing  the  Research  Section  of  the  Electrical 
World  whicli  he  is  conducting  and  asking  for  suggestions  from 
this  committee.  The  members  of  the  committee  were  notified 
of  Professor  Karapetoff's  request. 

Suggestion  for  Future  Activities 
In  view  of  the  action  of  the  Board  of  the  American  Electro- 
chemical Society  it  is  suggested  that  this  Committee  should 
communicate  with  that  appointed  by  the  A.E.S.  with  the  object 
of  discussing  the  feasibility  of  cooperation  for  the  benefit  of  the 
Institute  and  the  Society.  This  matter,  however,  should  be 
left  to  the  Committee  for  1918-1919  as  the  term  of  office  of  the 
present  committee  is  so  near  an  end. 

As  regards  hydroelectric  power  there  is  no  more  important 
matter  for  consideration  by  this  Committee  and  if  some  scheme 
for  cooperation  with  the  American  Electrochemical  Society  is 
developed  it  should  be  specially  studied  by  this  Committee. 

Electrochemistry  and  Electrometallurgy  1917-1918 
The  entrance  of  the  United  States  into  the  Great  War  had  the 
effect  of  stimulating  enormously  electrochemical  and  electro- 
metallurgical   processes. 

As  regards  electrolytic  work  probably  one  of  the  most  highly 
stimulated  manufactures  is  that  for  the  production  of  chlorine; 
but  the  most  noticeable  stimulation  is  found  in  electrometal- 
lurgical  work. 

For  years  there  has  been  much  experimental  work  carried 
out  in  electric  furnaces  for  the  melting  of  non-ferrous  metals  like 
brass,  bronzes,  etc.,  but  no  really  satisfactory  furnace  was  de- 
veloped.   Then,  as  one  of  the  consequences  of  the  Great  War 
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graphite  crucibles  became  scarce  and  expensive  with  the  result 
that  renewed  attempts  were  made  on  the  electric  furnace  with 
the  result  that  during  the  past  year  various  furnaces  have  been 
designed  of  which  some  show  distinct  promise  of  meeting  with 
ultimate  success. 

There  has  also  during  the  past  year  been  an  enormous  in- 
crease in  the  production  of  electric  furnace  ferro  alloys  of  all 
sorts  particularly  ferrosilicon  and  feijomanganese.  The  latter 
had  been  produced  in  electric  furnaces  before  the  war  but  could 
not  compete  with  the  blast  furnace. 

There  has  also  been  a  considerable  increase  in  the  use  of 
electric  steel  furnaces  and  this  probably  would  have  been  much 
greater  were  it  not  for  the  great  difficulty  of  getting  a  sufficient 
supply  of  carbon  electrodes. 

The  most  interesting  electrochemical  development  of  the  year, 
however,  is  the  construction  of  the  cyanamid  nitrogen-fixation 
plant  at  Muscle  Shoals,  Ala.  Two  unique  feattires  in  this  plant 
are  the  use  of  steam  for  the  generation  of  the  electric  energy 
and  the  use  of  60-cycle  current  for  the  calcium  carbide  furnaces. 
These  features  will  give  interesting  subjects  for  study;  on  the 
one  hand  the  energy  item  in  the  cost  of  making  atrunonium 
nitrate  by  the  cyanamid  process  and  on  the  other  the  power 
factor  of  carbide  furnaces  with  high-frequency  current. 

Francis  A.  J.  FitzGerald,   Chairman 
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ANNUAL    REPORT    OF    INDUSTRIAL    AND    DOMESTIC 
POWER  COMMITTEE 

To  the  Board  of  Directors, 

In  presenting  our  annual  report,  your  Committee  on  Industrial 
and  Domestic  Power  desires  first  to  call  attention  to  two  of  our 
members  who  are  now  in  Military  Service  in  the  war  of  1917,  viz: 
our  chainnan,  Capt.  E.  H.  Martindale  now  in  active  service  in 
France,  and  Lieut,  (j.  g.)  A.  M.  MacCutcheon,  U.  S.  Navy, 
also  in  active  service,  U.  S.  S.  Louisiana. 

We  honor  their  action,  and  have  missed  their  advice  in  our 
work  this  year,  particularly  that  of  our  Chairman. 

Others  of  our  Committee  from  whom  we  have  not  heard  may 
be  similarly  employed,  and  in  that  event  their  names  should  be 
joined  with  the  above. 

During  the  two  years  beginning  in  August,  1914,  under  the 
leadership  of  Mr.  David  B.  Rushmore,  work  of  the  committee 
began  to  be  centered  on  a  study  of  our  activity  by  industries. 
This  thought  was  carried  out  in  several  meetings  of  the  Institute. 

In  the  Fall  of  1916  under  Capt.  Martindale,  it  was  decided 
that  the  major  portion  of  our  activities  should  be  devoted  to 
this  study.  To  show  the  value  thereof,  it  was  decided  to  naake 
an  investigation  of  the  machinery,  motors,  controllers  and  ac- 
cessories involved  in  each  process  in  three  industries  or  parts 
thereof,  and  reach  conclusions  from  this  as  to  next  procedure. 
On  this  basis,  the  whole  committee  was  divided  into  three  sub- 
committees headed  by  Lieut.  A.  M.  MacCutcheon,  to  investigate 
a  portion  of  the  Metal  Working  Industry;  Mr.  R.  B.  Williamson, 
to  investigate  the  Cement  Industry;  Mr.  R.  M.  Goodwillie,  to 
investigate  the  Passenger  Elevator  Industry. 

The  committees  have  worked  hard,  collecting  much  data,  but 
without  having  their  work  completed  by  the  end  of  the  last  term. 

In  the  Fall  of  1917,  by  reason  of  his  military  service,  Capt. 
Martindale  was  obliged  to  relinquish  active  handling  of  his  work 
as  Chairman,  the  position  of  Vice  Chairman  was  created,  and 
the  writer  appointed  to  the  position.  The  executive  duties  have 
been  carried  out  in  the  way  it  was  believed  Capt.  Martindale 
desired. 

On  accotmt  of  the  absence  of  our  Chairman,  and  also  because 
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of  the  many  immediate  and  pressing  duties  of  service  of  all  in- 
dividually, in  connection  with  the  war,  it  was  deemed  advisable 
to  maintain  our  plan  just  as  outlined  one  year  previously,  center 
oui  thought  on  its  progress  and  application,  and  not  attempt 
the  preparation  or  presentation  of  papers  to  the  Meetings  and 
Papers  Committee,  and  this  course  has  been  followed. 

The  work  of  the  sub-committees  in  collecting  data  is  well  in 
hand.  In  the  examination  of  the  cement  industry  for  example, 
Mr.  Williamson's  committee  has  first  tabulated  all  the  processes 
involved  from  the  point  when  the  raw  product  is  brought  to  the 
cement  plant  up  to  the  point  when  the  finished  product  is  de- 
livered, barrelled  and  ready  for  shipment.  Each  process  may  be 
considered  a  movement  of  some  kind.  Where  electric  power  is 
applied  to  this  movement,  the  preferred  type  of  motor,  control, 
and  accessories  and  alternates  are  indicated.  In  a  similar  way, 
Mr.  MacCutcheon's  Committee  has  examined  a  portion  of  the 
metal  working  industry.  Thus  mainly  the  principal  data  have 
been  collected  and  compiled.  The  work  has  given  our  whole 
committee  opportunity  to  thoroughly  consider  the  good  features 
and  objections,  and  in  this  connection  two  immediate  diflScul- 
ties;  viz:  to  know  when  the  work  is  done,  and  how  to  present  it  to 
the  Institute,  are  not  solved.  These  two  points  with  others 
brought  out  by  this  investigation  have  been  carefully  "canvassed 
by  the  whole  committee,  and  the  discussion  and  recommenda- 
tions which  immediately  follow  are  based  upon  a  majority  vote 
also  of  the  whole  committee,  with  no  dissensions. 

The  work  has  been  carried  far  enough  so  that  each  feels  sure 
that  if  the  data  could  be  gotten  together  for  all  processes,  kept 
correct  and  made  available,  these  would  be  of  immense  benefit  to 
the  industry  as  a  whole,  and  particularly  at  this  time.  The 
collecting  and  preparing  of  the  data  presents  very  serious 
difficulties  as  follows: 

1.  Tabulation  of  what  indiistries  are  within  the  scope  of  our 
committee's  activities.  The  scope  of  this  committee  overlaps  that 
of  the  committees  on  mines,  steel  mills,  electrochemical  work, 
marine  work,  and  perhaps  others.  It  is  recommended  that  its 
scope  be  plainly  defined. 

2.  What  constitutes  an  industry.  A  tabulation  of  industries 
can  be  prepared  by  our  committee.  Such  tabulation  is  bound  to 
be  at  variance  in  thought  from  any  tabulation  prepared  by  an- 
other committee.  We  believe  that  a  tabulation  should  be  pre- 
pared fey  the  electrical  industry,  as  a  whole,  and  that  this  can- 
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not  be  done  short  of  a  careful  study  of  the  subject,  and  the  in- 
terrelated processes.  As  Mr.  Goodwillie  of  our  committee 
states,  the  real  essential  element  is  the  load  characteristics  of 
the  machine  itself  from  the  starting,  accelerating,  running,  slow- 
down and  stopping  conditions  which  in  turn  compel  considera- 
tions of  starting  friction,  inertia,  running  frictions  and  load 
characteristics.  It  is  probably  a  matter  of  consideration  by 
some  special  technical  committee,  and  not  by  a  technical  com- 
mittee devoted  to  some  special  work  like  our  own  unless  the 
work  as  a  whole  for  some  reason  be  specially  assigned  to  us. 
Much  study  has  been  put  already  on  this  subject  by  allied  asso- 
ciations, and  by  private  enterprises.  Much  of  the  benefit  of  this 
study  can  be  secured  very  likely.  The  list  of  industries  and 
processes  involved  will  be  subject  to  constant  modification  as  the 
work  proceeds.    A  plan  for  caring  for  these  changes  is  essential. 

3.  Magniiiide  of  the  work  involved  in  the  study.  It  is  clearly 
beyond  the  power  of  our  committee  to  perform  this  work  alone 
in  any  measurable  period  of  time.  External  assistance  is  vital 
and  some  plan  to  secure  the  assistance  necessary.  Even  if  it 
were  completed,  it  is  doubtful  if  the  committee  alone  as  it  stands 
could  keep  it  completed. 

4.  Preparation  and  filing  for  permanent  record.  It  is  apparent 
that  the  proper  place  for  recording  this  data  is  not  in  the  Pro- 
ceedings of  the  Institute.  The  expense  of  doing  it  in  this  way 
wotdd  be  prohibitive.  It  would  lack  availability  for  use  and 
change  as  required.  A  plan  for  permanently  caring  for  the  data 
should  be  perfected  as  will  be  separately  discussed.* 

5.  Authority  for  work.  In  the  execution  of  this  work,  time 
and  expense  beyond  the  limits  of  the  committee  would  be  bound 
to  accrue.  Definite  authorization  from  the  Board  of  Directors 
to  proceed  is  necessary,  and  with  it  the  statement  that  the  work 
would  be  continued  from  year  to  year,  for  it  is  obvious  that  to 
start  work  and  continue  for  a  year  or  so  only  to  change  or  abandon 
would  involve  needless  loss  of  time,  and  discouragement. 

6.  The  ethics  of  the  study  from  the  standpoint  of  the  pro- 
fessional engineer,  from  that  of  patent  rights  and  from  the  un- 
conscious publicity  given  to  private  enterprise  is  comparing 
correct  process  attainment.  This  is  considered  one  of  the  most 
difficult  phases  to  cover  correctly.  As  Mr.  Dudley  states,  it  is 
believed  that  with  the  exercise  of  tact  with  each  case,  that 
difficulty  should  not  be  encountered.  Thus  far  in  its  work  the 
sub-committees  have  been  able  to  steer  clear  of  this  /s  a  diffi- 
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culty.    The  work  must  be  undertaken  strictly  from  a  technical 
standpoint. 

7.  Conflict  with  other  technical  committees  in  other  associations. 
The  whole  reason  for  this  work  is  to  avoid  duplication  of  effort. 
The  American  Institute  of  Electrical  Engineers  is  the  recognized 
association  devoted  to  our  art  from  an  tmbiased  technical  and 
professional  standpoint.  If  this  work  be  undertaken  by  us 
with  carefully  prepared  plan  and  be  definitely  endorsed,  the 
need  for  similar  work  by  other  bodies  such  as  the  N.E.L.A., 
A.I.  &  S.E.E.,  etc.,  should  disappear.  The  committee  is  con- 
fident that  help  from  them  will  be  fully  available  and  given. 
There  should  be  no  conflict  with  other  committees  in  the  In- 
stitute.   For  this,  the  management  must  care. 

8.  Miscellaneous  Difficulties,  Undoubtedly  these  exist  but 
it  is  believed  that  what  has  been  previously  stated  will  cover  the 
major  difficulties,  and  that  the  minor  ones  will  settle  themselves 
as  they  arise. 

The  study  which  our  committee  has  thus  far  put  on  the  work 
has  convinced  us  that  it  is  broader  in  scope  than  that  of  our 
cdmmittee.  If  it  is  right  to  investigate  the  large  group  of  in- 
dustrial applications  with  which  our  committee  is  concerned, 
why  should  not  the  whole  field  be  covered.  Consideration  of 
this  thought  has  been  inevitable,  and  is  crystallized  into  a  mun- 
ber  of  suggestions  or  recommendations  which  are  presented  as 
the  opinion  of  a  majority  of  yotir  committee. 

We  believe  that  there  should  be  instituted  in  the  office  of  the 
Secretary  of  the  Institute  in  New  York  City,  and  under  his  com- 
plete charge,  a  file  of  industries  using  electrical  power,  the  pro- 
cesses involved  in  each  industry,  the  movements  involved  in 
each  process,  and  the  electrical  apparatus,  which  is  reconcmiended 
for  each  movement.  We  believe  that  this  recommendation 
should  be  strictly  from  the  technical  standpoint,  the  apparatus 
to  be  described  so  that  it  will  be  technically  undesrstood.  We 
believe  that  the  file  should  be  kept  up  by  the  machinery  of  the 
Secretary's  office,  and  in  such  form  as  will  make  it  most  avail- 
able to  all  who  should  have  access  to  it.  It  is  assumed  that  this 
file  should  be  in  card  form,  and  in  this  connection,  Messrs. 
Weichsel  and  Dudley  of  our  committee  suggest  the  compilation 
of  pamphlets  or  a  hand  book  from  these  files  in  the  belief  that 
they  would  have  ready  sale. 

It  is  further  suggested  by  the  committee  that  as  Institute 
Sections  are  able  to  take  care  of  them  properly,  copies  of  the 
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files  be  placed  on  record  at  Section  Headquarters  all  under  con- 
trol of  the  Secretary  of  the  Institute. 

Manifestly  the  data  for  these  files  can  be  secured  only  through 
the  cooperation  of  a  large  number  of  members,  and  one  per- 
.  haps  the,,  hardest  study  would  be  to  enlist  this  cooperation. 
Fundamentally,  the  plan  must  have  the  absolute  endorsement 
of  the  Board  of  Directors,  and  then  it  should  be  planned  to 
secure  this  large  support.  Our  committee  feels  that  either  the 
duties  of  the  Industrial  and  Domestic  Power  Committee  should 
be  broadened  to  assume  the  work,  or  (and  this  is  favored  by  a 
majority  of  the  committee)  that  a  new  technical  committee 
should  be  formed  to  take  care  of  the  job.  No  technical  com- 
mittee alone  can  get  the  data  unless  it  have  broad  powers,  and  a 
membership  large  enough  to  reach  into  the  activity  of  the  Nation 
industrially  and  geographically,  in  a  very  comprehensive  manner 
indeed.  As  a  committee,  we  feel  very  sure  that  in  some  way 
the  individual  member  must  be  reached;  must  be  encouraged 
to  furnish  data,  with  proper  recognition.  We  feel  that  if  this 
action  on  the  part  of  the  individual  member  in  being  erf  service 
to  the  Institute  and  to  the  industry  causes  him  to  recognize  his 
true  relation  to  the  Institute  of  giving  to  it  rather  than  of  re- 
ceiving from  it,  it  should  be  of  the  greatest  value. 

We  further  respectfully  suggest  that  in  the  event  of  establish- 
ing a  committee  to  secure  this  data  that  it  should  work  in  very 
close  conjunction  with  the  Secretary  of  the  Institute,  and  with 
the  other  technical  committees. 

Briefly  we  suggest,  that  the  new  committee  plan  and  secure 
the  data,  the  existing  committees  censor  the  data  and  advise 
with  the  new  committee,  and  that  the  Secretary's  ofiice  compile 
and  carry  the  data. 

Such  a  file  should  be  the  truest  permanent  record  possible  of 
the  application  of  electrical  power  and  its  progress.  It  should 
tend  to  harmonize  policies  of  application  of  electrical  power;  not 
to  standardize  details.  It  should  prevent  an  enormous  amount 
of  duplication  of  effort,  not  only  in  association  work,  but  in 
private  enterprise  as  time  goes  on;  should  tend  to  pool,  for  the 
good  of  all,  data  which  are  today  largely  open  to  all  and  yet  not 
collected  so  as  to  be  of  mutual  benefit. 

Your  committee  sincerely  hopes  that  these  views  will  have 
your  consideration. 

We  desire  to  comment  on  another  matter.  Our  committee's 
scope  today  includes  domestic  as  well  as  industrial  power.    It 
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has  seemed  to  some  that  the  domestic  end  of  our  activity  should 
be  taken  from  us  and  given  to  some  other  committee  whose 
work  is  more  nearly  allied  thereto.  On  a  poll  of  opinion  seven 
were  in  favor  of  this  action,  five  did  not  reply  and  two  were  in 
opposition  thereto.  ^^ 

The  past  year  has  been  crowded  with  work  which  your  com- 
mittee feels  covers  very  largely  application  of  earlier  progress 
than  it  does  the  invention  or  perfection  of  new  work.  Con- 
stant effort  to  keep  existing  apparatus  operating  at  the  maximum 
rather  than  to  perfect  or  develop  more  efficient  operation  has 
marked  this  period  when  our  Nation  for  the  first  time  in  twenty 
years  was  plunged  in  war.  This  holds  particularly  for  the  pro- 
duction of  textiles  and  clothing  generally,  steel,  coal,  and  in 
matters  affecting  transportation. 

In  the  Chicago  territory  there  has  been  installed  during  the 
past  year  a  7000-h.p.  induction  motor  having  a  maximtmi  torque 
equivalent  to  30,000  h.p.,  which  so  far  as  normal  rating  and  maxi- 
mum torque  is  concerned  is  the  largest  industrial  motor  which 
we  believe  has  ever  been  built. 

In  the  textile  industry,  the  matter  of  individual  drive  of  spin- 
ning frames  is  progressing,  many  hundred  frames  having  been 
equipped  during  the  past  year. 

The  first  electrically  propelled  battleship  has  been  launched 
during  the  past  year.     The  application  is  new. 

The  year  marks  the  first  application  of  small  electric  genera- 
tors, air  driven,  to  air-planes.  This  extends  the  use  of  industrial 
power  to  the  air  along  with  gasoline  engines. 

In  stunmary,  your  committee  would  value  quite  specific  in- 
structions as  to  its  duty,  and  scope,  and  shall  be  much  interested 
to  note  any  action  that  may  be  taken  on  its  recommendations. 

A.  G.  Pierce,   Vice  Chairman 
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ANNUAL  REPORT  OF  COMMITTEE  ON 
ELECTROPHYSICS 

To  the  Board  of  Directors, 

The  Committee  on  Electrophysics  submits  the  following  re- 
port for  the  year  1917-18: 

During  the  year  two  sessions  of  the  Institute  have  been  de- 
voted to  electrophysics  under  the  auspices  of  this  committee  as 
follows: 

On  the  evening  of  Nov.  9,  1917,  Mr.  Chester  W.  Rice  pre- 
sented a  paper  entitled  "An  Experimental  Method  of  Obtaining 
the  Solution  of  Electrostatic  Problems  with  Notes  on  High- 
Voltage  Bushing  Design'*  which  forms  a  very  valuable  con- 
tribution to  our  knowledge  of  the  electrostatic  field.  The  paper, 
published  in  the  November  Proceedings,  has  a  direct  bearing  on 
the  problem  of  insulator  design  and  the  mathematical  appendix 
gives  the  solution  of  two  electrostatic  problems,  the  usefulness 
of  which  extends  beyond  the  immediate  problem  of  design. 

On  the  evening  of  Feb.  15,  191&,  at  the  Midwinter  Convention, 
the  Institute  listened  to  a  most  interesting  lecture  by  Dr.  A.  C. 
Crehoffe  on  "Some  Applications  of  the  Electromagnetic  Theory 
of  Matter";  the  lecture  is  published  in  the  April,  1918,  Proceed- 
ings. Great  progress  is  being  made  in  the  theory  of  atomic 
structure,  to  which  Dr.  Crehore's  own  work  has  formed  no  small 
contribution,  and  the  placing  of  these  most  recent  advances  by 
Dr.  Crehore  before  the  Institute  in  non-mathematical  form  was 
indeed  most  opportune.  It  will  be  recalled  that  a  similar  lecture 
on  "Modem  Physics"  was  given  by  Prof.  R.  A.  Millikan  at  the 
Midwinter  Convention  in  1917. 

The  committee  has  felt  that  the  cooperation  and  mutual 
understanding  between  physicists  and  engineers,  as  pointed  out 
in  the  report  of  the  committee  for  last  year,  are  of  the  utmost 
importance.  The  close  relation  has  been  maintained  between 
this  committee  and  the  Technical  Physics  Committee  of  the 
Physical  Society.  It  is  believed  that  joint  meetings  of  the  In- 
stitute and  the  Physical  Society  from  time  to  time  should  be 
continued  as  in  the  past  and  such  a  meeting  is  planned  for  the 
Philadelphia  session  next  October. 

The  maintenance  of  a  supply  of  trained  physicists  and  en- 


Digitized  by  VjOOQIC 


738  TECHNICAL  COMMITTEE  REPORTS 

gineers,  at  all  times  important,  the  committee  has  considered  to 
be  particularly  important  in  time  of  war  in  order  to  meet  the 
needs  of  governmental  and  industrial  service.  This  matter  was 
discussed  on  April  11th  at  a  meeting  of  the  committee  held  in 
New  York  for  the  ptirpose,  and  the  conclusion  was  reached  that 
to  insure  the  continuous  output  of  technically  trained  men  from 
the  universities  and  technical  schools  of  the  United  States  it  was 
most  important  that  steps  be  taken  to  provide  for  the  main- 
tenance of  adequate  teaching  staffs,  which  are  in  danger  of  being 
depleted  through  the  application  of  the  draft  and  through  volun- 
tary enlistment.  This  matter  was  brought  to  the  attention 
of  your  Board  on  April  12  and  it  was  the  unanimous  opinion  of 
the  members  of  the  board  that  immediate  action  was  necessa^^^ 

Frederick  Bedell,   Chairman 
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ANNUAL  REPORT  OF  PROTECTIVE  DEVICES 
COMMITTEE 

To  the  Board  of  Directors, 

The  Committee  on  Protective  Devices  submits  the  following 
report  for  the  year  1917-18. 

On  account  of  the  decision  of  a  nimiber  of  companies  to  cancel 
all  committee  work  during  the  period  of  the  war  the  work  of  this 
Committee  has  been  carried  on  largely  by  correspondence.  One 
of  the  members  of  the  Committee  entered  the  military  service 
of  the  country  and  a  number  of  others  have  had  increased  duties 
on  account  of  their  assistants  entering  the  Army  or  Navy.  These 
changes  have  served  to  considerably  retard  the  work  of  the 
Committee.  « 

During  the  year  the  Committee  has  issued  the  questionnaire 
on  relays,  referred  to  in  the  previous  report,  to  about  fifty  of  the 
leading  operating  companies  in  the  country.  Not  enough 
replies  have  been  received  from  the  questionnaire  up  to  the 
present  writing  to  permit  of  any  stmmiary  or  restmie  from  the 
inquiries.  It  is  recommended  that  the  work  on  the  question- 
naire be  pushed  to  a  conclusion  dtu-ing  the  coming  year. 

Several  members  of  the  Committee  have  called  attention  to 
the  proposed  interconnection  of  transmission  and  distribution 
systems  throughout  the  country  as  a  measure  of  economy  and 
fuel  saving,  and  it  is  recommended  that  the  Committee  investi- 
gate this  subject  in  particular  to  determine  what  protective 
features  are  necessary  in  such  tie  lines  for  the  ptu-pose  of  ensuring 
continuity  of  service  and  stability  of  operation. 

Other  subjects  which  might  be  taken  up  by  the  Committee 
are  the  following: 

Relays  on  generators,  transformers,  synchronous  converters, 
etc. 

Lightning  arresters  for  transmission  lines. 

Preparation  of  definite  recommendaions  regarding  the  stand- 
ardization of  relay  nomenclature  and  rating  of  circuit  breakers. 

Detrimental  effect  of  power  reactors. 

D.  W.  Roper,  Chairman 
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ANNUAL  REPORT  OF  COMMITTEE  ON  APPLICATION  OF 
ELECTRICITY  TO  MINES 

To  the  Board  of  Directors, 

I  give  below  a  brief  report  of  the  activities  of  the  Committee 
on  the  Application  of  Electricity  to  Mines. 

Owing  to  the  resignation  of  Mr.  H.  H.  Clark,  the  writer  was 
appointed  as  chairman  of  the  Committee  on  the  Application  of 
Electricity  to  Mines.  Presstire  of  other  work  has  prevented  de- 
voting as  much  time  to  Committee  work  as  I  would  like  to  have 
given.  No  meetings  of  the  Committee  as  a  whole  have  been 
held,  but  the  chairman  has  arranged  with  the  Meetings  and 
Papers  Committee  to  take  charge  of  the  October  meeting  which 
will  be^ held  in  Philadelphia.  We  propose  at  this  meeting  to 
present  three  papers  bearing  on  the  subject  of  the  Application  of 
Electric  Power  to  Coal  Mining.  We  also  hope  at  this  time  to 
have  an  informal  talk  by  a  member  of  the  Fuel  Administration 
Bureau  at  the  dinner  preceding  the  evening  session. 

The  American  Institute  of  Mining  Engineers  has  a  committee 
on  the  Application  of  Electricity  to  Mining  and  I  do  not  believe 
that  the  best  results  can  be  accomplished  by  the  independent 
action  of  these  committees  in  two  entirely  independent  societies; 
and  I  would  suggest  as  a  future  activity  for  the  Committee  on 
the  Application  of  Electricity  to  Mines  in  the  A.I.E.E.  that  of 
making  sonle  working  arrangements  with  the  corresponding 
committee  of  the  American  Institute  of  Mining  Engineers 
whereby  both  national  societies  may  get  the  benefit  of  the  work 
of  the  Committees  of  each.  Possibly  this  can  be  accomplished 
by  making  the  annual  meeting  of  these  two  committees  joint 
meetings,  the  A.I.E.E.  joining  with  the  mining  engineers  at  one 
meeting  and  vice  versa  for  the  next,  the  papers  being  published 
by  both  societies. 

K.  A.  Pauly,  Chairman 
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ANNUAL  REPORT  OF   INSTRUMENTS  AND 
MEASUREMflNTS  COMMITTEE 

To  the  Board  of  Directors, 

This  committee  was  appointed  during  the  year  of  1917  with 
the  general  ptirpose  of  promoting  interest  through  the  presenta- 
tion of  papers  and  discussion  along  the  lines  covered  by  the  name 
of  the  committee.  The  field  for  the  consideration  of  instru- 
ments and  for  measurements  had  not  heretofore  been  made  a 
matter  of  separate  committee  work  and  discussion  heretofore 
has  been  coupled  with  the  consideration  given  papers  in  which 
both  instruments  and  measurements  were  incidental  to  another 
subject. 

Meetings  of  the  conmiittee  were  held  and  arrangements  were 
made  for  the  Meetings  and  Papers  Committee  to  assign  one 
session  of  the  mid-winter  convention  in  February  for  the  presen- 
tation of  papers  on  measurements.  One  afternoon  session  was 
assigned  and  four  papers  were  presented.  Attendance  at  the 
session  and  the  discussion  indicated  sufficient  interest  to  justify 
the  continuance  of  the  Committee's  activities  along  these  lines. 

Two  impressions  were  obtained  from  the  papers  and  discussion, 
which  while  obvious,  seem  of  sufficient  interest  to  report.  Two 
of  the  papers  presented  dealt  with  the  investigation  and  de- 
velopment of  a  substitute  for  the  standard  cell  for  certain 
classes  of  work.  This  substitute  was  a  thermocouple,  elimina- 
ting entirely  the  use  of  the  chemicals  required  by  the  standard 
cell. 

One  of  the  papers  presented  dealt  with  the  measurement  of 
dielectric  losses  in  cables,  and  while  it  was  a  single  paper  only,  it 
was  in  reality  the  latest  of  a  series  of  several  papers  on  the  same 
subject  presented  before  the  Institute  in  the  last  few  months. 
The  discussion  indicated  a  desire  or  a  necessity  for  the  standardi- 
zation of  methods  of  measuring  the  very  small  energy  losses  in 
the  dielectric  and  the  specifications  covering  the  purchase  and 
acceptance  tests  of  cables. 

No  matters  of  nomenclature  or  standardization  arose  requir- 
ing the  attention  of  the  committee  on  standards.  No  matters  of 
policy  or  coordination  with  other  committees  arose  requiring 
the  attention  or  action  on  the  part  of  the  Board  of  Directors. 
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Commenting  briefly  on  the  progress  of  the  industry  falling 
within  the  scope  of  the  committee,  it  can  be  stated  that  as  might 
be  expected  no  new  development  work  along  purely  cominercial 
lines  is  being  tmdertaken  by  the  manufacttu'ers  of  apparatus  at 
this  time.  Developments  have  undoubtedly  taken  place,  how- 
ever, in  apparatus  along  the  lines  ol  military  and  naval  activity, 
such  as  radio  and  other  signal  apparatus  which  will  without 
doubt  furnish  valuable  and  interesting  material  when  available  at 
some  time  in  the  future. 

S.  G.  Rhodes,  Chairman 
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ANNUAL  REPORT  OF  EDUCATIONAL  COMMITTEE 

To  the  Board  of  Directors^ 

Lack  of  time  on  the  part  of  the  members  of  the  Educational 
Committee  is  responsible  for  the  regrettable  fact  that  only  one 
meeting  could  be  arranged  during  the  year. 

At  this  meeting  it  was  decided  that  two  papers,  if  possible, 
be  prepared;  one  dealing  with  electrical  engineering  education 
given  in  colleges  at  the  present  time,  and  the  other  giving  a 
summary  of  the  educational  facilities  offered  by  the  large  manu- 
facturing and  power  companies. 

The  second  paper  was  not  completed,  the  first  is  given  in  the 
synopsis  prepared  by  the  Chairman  and  presented  herewith. 

The  Committee  recommends  that  the  particular  scope  sug- 
gested above  be  considered  as  an  important  part  of  the  duties 
of  future  Committees  so  that  the  members  may  be  able  to  keep 
in  touch  with  educational  methods  and  ideas,  and  assist  the 
leaders  of  education  in  shaping  their  policies. 

Synopsis  of  Electrical  Engineering  Education  given  in  American 
Colleges,  1917 

The  importance  of  engineering  and  engineering  education, 
always  recognized  in  this  country,  has  never  been  more  fully 
realized  than  today.  The  engineer  is  called  upon  not  only  to 
supervise  engineering  work  and  to  design  machines  but  is  more 
and  more  involved  in  administrative  work  so  that — large  as  his 
task  has  been — ^it  will  be  greater  in  the  future. 

It  seemed,  therefore,  opportune  to  the  Educational  Com- 
mittee that  a  report  be  presented  to  the  Institute  giving  a 
brief  stmimary  of  the  present  status  of  electrical  engineering 
education  in  this  country,  as  shown  by  the  latest  catalogues.  A 
questionnaire  was  mailed  to  a  large  number  of  colleges  giving 
four-year  courses  in  electrical  engineering  and  the  returns  are 
tabulated  below. 

The  studies  were  divided  in  ten  groups  as  shown  and  the 
figures  given  represent  the  percentage  of  time  out  of  the  entire 
four-year  curricultim  devoted  to  each  group. 

Group  1,  includes  strictly  electrical  engineering  subjects. 

Group  2,  includes  EngUsh,  English  literature,  rhetoric,  etc. 
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Group  3,  Foreign  languages. 

Group  4,  Mathematics,  excluding  descriptive  geometry. 

Group  5,  Physics,  including  elementary  mechanics. 

Group  6,  Chemistry. 

Group  7,  General  engineering  subjects.  This  heading  in- 
cludes such  phases  of  the  engineering  curricultmi  as  are  usually 
given  to  all  branches  of  engineering  students.  It  includes,  for 
instance,  drawing,  surve3dng,  descriptive  geometry,  advanced 
mechanics,  applied  mechanics,  thermodynamics,  etc. 

Group  8,  General  subjects.  These  include  prescribed  courses 
in  history,  law,  economics,  etc. 

Group  9,  Electives,  technical  and  general. 

Group  10,  Physical  training,  physiology,  hygiene,  military 
work,  etc. 

Table  I  gives  in  alphabetical  order  the  colleges  which  re- 
sponded. At  the  bottom  of  the  tabulations  are  given  the  total 
averages.*  This  should,  therefore,  indicate  what  weight  is 
given  to  the  various  groups  in  the  average  college  at  the  present 
time. 

It  is  interesting  to  note  that  general  engineering  subjects,  that 
is,  subjects  which  are  essentially  common  to  all  classes  of  en- 
gineering students,  cover  31  per  cent  of  the  entire  time,  and  the 
purely  electrical  engineering  subjects  are  given  21.6  per  cent. 
Thus  the  engineering  topics  occupy  approximately  one-half  of 
the  entire  time  of  the  students. 

English,  including  literature  and  rhetoric,  is  given  only  5.5 
per  cent,  foreign  languages  3.2  per  cent,  general  subjects  such 
as  economics,  history,  law,  etc.,  are  given  3.4  per  cent.  Science 
subjects,  mathematics,  physics,  and  chemistry  are  given  27  per 
cent  of  the  total  time. 

Tables  II,  III,  IV,  V,  VI,  emphasize  particular  studies.  So 
for  instance,  Table  II  gives  approximately  one-half  of  the  entire 
list  in  accordance  with  the  prominence  of  purely  electrical 
studies.  Norwich  University  leads,  it  devoted  33.5  per  cent,  or 
roughly,  50  per  cent  more  than  the  average  time  to  that  subject. 

Table  III  emphasizes  English  studies.  The  Agricultural  and 
Mechanical  College  of  Texas  leads  with  12.5  per  cent  or  more 
than  twice  as  much  as  the  average.  Some  leading  colleges  give 
no  instruction  in  English.  These  may,  however,  to  some  extent, 
take  care  of  this  feature  in  a  more  rigid  entrance  examination. 

*Since  deducing  the  average  a  couple  of  colleges  have  been  added 
which  may  have  very  slightly  modified  the  actual  value. 
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Table  IV  emphasizes  foreign  languages.  It  is  of  interest  to 
note  that  a  large  percentage  of  the  colleges  give  no  foreign 
language  course  at  all.  • 

The  average  time  given  to  electives  is  3.9  per  cent  which 
seems  rather  low.  There  are,  however,  a  nimiber  of  institutions 
which  permit  of  a  wide  choice.  Tufts  leads  with  a  percentage  of 
21. 

The  preparation  of  these  tables  is  intended  to  facilitate  a  dis- 
cussion on  the  very  vital  subject  of  electrical  engineering  edu- 
cation as  given  in  colleges.  It  is  not  intended  that  a  '^standard" 
course  should  be  evolved — that  would  indeed  be  unfortunate — 
but  it  does  look  as  if  almost  all  colleges  could  to  advantage  in- 
crease some  of  the  non-technical  courses,  such  as  English,  eco- 
nomics and  foreign  languages.  Some  colleges  should  perhaps 
adopt  a  course  along  scientific  lines,  neglecting  somewhat  in- 
truction  strictly  in  engineering  and  concentrating  on  mathe*- 
matics,  physics  and  chemistry.  Others  may  also  lay  less  stress 
on  their  engineering  subjects  and  devote  more  time  to  English, 
foreign  languages  and  to  problems  of  economics.  The  third 
class,  perhaps  thie  largest,  should  do  essentially  what  the  average 
college  is  doing  today. 

Ernbst  J.  Berg,  Chairmm 
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tNew  Hampshire  College— General  subjects  included  in  electives 
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9.9 


16.0 

7.1 

10.2 

4.5 
13.0 
8.8 
5.5 
9.6 

9.4 
9.1 
6.4 
9.2 

5.4 


8.8 
13.3 
14.3 

7.6 

7.1 

4.5 

8.5 
9.1 

11.0 
9.5 
6.0 

8.2 
9.0 

9.2 
12.6 

5.6 
10.8 

9.4 

8.8 

7.5 

11.5 

7.8 

10.8 


3.9 


5.2 
7.1 
0.0 

4.5 
6.5 
6.4 
5.5 
4.6 

7.0 
5.5 
6.4 
5.7 
5.4 

6.8 
5.9 
4.7 
5.3 
6.1 

8.6 

4.5 

7.0 
5.5 

5.7 
4.5 
6.0 

8.3 
5.9 

6.2 
9.4 
4.5 
10.4 
7.9 
5.4 

5.5 
6.8 
5.2 

6.0 


13.2 


15.2 
31.4 
22.0 

26.7 
16.2 
35.0 
22.9 
90.0 

28.0 
25.9 
24.5 
25.6 
27.0 

29.7 
28.3 
15.7 
29.0 
33.6 

33.6 

21.6 

21.3 
25.9 

30.9 
80.0 
22.0 

25.5 
44.0 

33.8 
23.0 
20.0 
34.2 
26.0 
32.7 

30.0 
23.7 
36.2 

25.3 


5.9 


7.0 
3.0 
10.7 

3.3 
1.9 
6.8 
0.0 
3.3 

2.8 
2.1 
11.0 
8.5 
2.2 

4.7 
6.6 
4.7 
3.4 
1.5 

2.8 

9.3 

2.5 
1.3 

1.6 
0.0 
2.0 

4.2 

0.0 

1.1 
8.0 
5.5 
2.3 
0.0 
4.4 

7.5 
2.7 
1.3 

2.5 


1.3 


5.2 
0.0 

1.2 

1.7 

1.9 

17.9 

10.4 

0.0 

1.9 
11.2 
3.9 
0.0 
2.2 

3.1 
0.0 
0.0 
0.0 
0.0 

5.0 

0.0 

16.2 
1.3 

3.0 

6.7 

21.0 

8.3 
0.0 

0.0 
3.0 
4.4 

0.0 

17.2 

1,3 

0.0 
7.6 
0.0 

0.0 


(33  Colleges  in  aU) 
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TABLE  III. 
ENGLISH 


INSTITUTION 


I 


•ii 


II 

I 


I 


I 


Agricultural  and 

Mechanical  College  of 

Texas. 

Mississippi  Agric.  and 

Mechanical  College 

Maryland  State  College 

of  Agriculture 

Clemaon  College 

University  of  Texas. 

Pennsylvania  College .... 

Union  College 

Georgia  School  of 

Technology 

Throop  College 

Purdue  University 

University  of  Idaho 

North  Carolina  State 

College 

Iowa  State  College 

Penn.  State  College 

University  of  Colorado. . . 

Drexel  Institute 

University  of  Kansas. 

Univ.  of  Tennessee 

University  of  Oklahoma  . 

Polyt.  of  Brooklyn 

State  University  of  Iowa. 

University  of  Maine 

Lehigh  University 

Tulane  University 

University  of  Arizona 

University  of  Missouri. . . 
State  University  of 

Kentucky 

State  College  of 

Washington 

Bucknell  University 

Univ.  of  West  Virginia  . . 
Oklahoma  Agric.  and 

Mech.  College 

Rensselaer  Polytechnic 

Institute 

Johns  Hopkins  University 
University  of  Cincinnati.. 
Massachusetts  Institute 

of  Technology 

University  of  Florida 


28.8 

15.3 

25.7 
13.4 
20.7 
15.0 
22.8 

21.1 
19.6 
20.4 
21.5 

19.4 
21.7 
22.0 
30.0 
20.5 
17.0 
10.4 
26.2 
28.0 
26.9 
20.2 
28.6 
12.3 
17.3 
'18.6 

12.7 

27.2 
23.0 
21.0 

25.0 

23.3 
20.3 
22.4 

23.8 
13.4 


12.5 

10.9 

10.8 
9.7 
9.5 
9.2 

8.6 

8.5 
8.4 
7.9 
7.8 

7.7 
7.5 
7.5 
7.1 
7.0 
7.0 
6.9 
6.8 
6.6 
6.6 
6.5 
6.5 
6.4 
6.4 
6.4 

6.2 

6.2 
6.0 
6.0 

5.9 

5.9 
5.5 
5.3 

5.2 
5.2 


00.0 

13.3 

4.5 

4.5 

0.0 

18.8 

7.0 

4.5 

5.6 

10.5 

4.5 

4.5 

0.0 

9.7 

8.0 

4.2 

0.0 

14.3 

15.8 

8.0 

3.9 

12.4 

14.4 

9.2 

8.6 

17.2 

5.6 

4.5 

6.1 

11.0 

10.8 

6.0 

7.0 

8.2 

10.0 

6.0 

6.6 

14.4 

9.6 

3.5 

0.0 

15.0 

7.8 

5.2 

5.3 

11.9 

8.6 

6.0 

0.0 

15.0 

11.5 

6.8 

7.5 

12.5 

7.5 

5.5 

0.0 

14.3 

7.1 

7.1 

0.0 

8.0 

10.0 

8.0 

7.0 

12.0 

11.0 

9.0 

6.9 

11.6 

4.6 

5.2 

0.0 

13.7 

14.3 

5.3 

3.7 

10.7 

9.4 

7.0 

0.0 

14.7 

8.8 

5.9 

6.5 

13.4 

8.7 

6.0 

7.8 

11.0 

13.0 

6.5 

0.0 

12.8 

7.9 

8.9 

5.1 

10.9 

5.1 

5.1 

3.5 

10.5 

7.6 

8.5 

0.0 

10.6 

7.8 

5.3 

0.0 

12.4 

6.2 

6.8 

5.5 

9.0 

12.6 

9.4 

0.0 

11.0 

7.0 

7.0 

0.0 

12.5 

11.0 

5.7 

6.2 

13.0 

9.2 

6.2 

3  2 

9.0 

13.6 

7.0 

5.0 

8.0 

10.8 

10.4 

3.2 

8.8 

8.2 

8.3 

7.9 

11.8 

10.5 

6.6 

^6.7 

26.1 

21.6 
34.6 
27.0 
23.5 
20.0 

25.3 
30.0 
21.5 
36.2 

29.4 
23.7 
20.0 
31.4 
31.0 
28.0 
39.4 
29.0 
28.0 
28.3 
26.5 
16.2 
48.4 
32.7 
26.7 

53.2 

29.7 
23.0 
44.0 

30.9 

33.8 
26.6 
34.2 

25.5 
41.9 


3.3 

1.7 

5.9 

6.3 

9.3 

0.0 

6.9 

0.0 

4.7 

0.0 

11.8 

0.0 

5.6 

4.4 

2.5 

0.0 

6.7 

0.0 

6.9 

7.6 

1.3 

0.0 

5.8 

0.0 

2.7 

7  5 

7.5 

0.0 

3.0 

0.0 

4.5 

0.0 

5.0 

2.0 

0.0 

3.4 

3.4 

0.0 

2.8 

1.9 

6.6 

0.0 

4.6 

4.0 

1.9 

1.9 

0.0 

2.0 

0.0 

7.1 

1.2 

14.8 

0.0 

0.0 

4.7 

3.1 

8.0 

3.0 

0.0 

0.0 

1.6 

3.0 

1.1 

0.0 

4.7 

2.3 

2.3 

0.0 

4.2 

8.3 

0.0 

0.0 

6.7 

5.2 

7.5 
13.3 
0.0 
0.7 
2  8 

4.2 
4.2 
2.6 
5.2 

6.6 
3.6 
0.0 
0.0 
3.0 
2.0 

11.6 
1.3 
1.9 
2.2 
3.6 
6.5 
1.3 

10.3 
2.3 

4.2 

3.7 
0.5 

4  0 

4.5 

1.3 
7.8 
1.6 

4.5 
2.7 
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TABLE  IV. 
FOREIGN  LANGUAGES 


INSTITUTION 


J 


.1 

1 

1 
2| 

.11 

!■ 

1' 

4.3 

11.4 

12.9 

1,0.0 

8.6 

8.6 

17.2 

6.6 

6.2 

7.9 

11.8 

10.6 

8.0 

7.9 

9.9 

9.9 

4.7 

.7.8 

20.3 

13.3 

6.6 

7.8 

11.0 

13.0 

4.8 

7.7 

11.4 

8.8 

7.6 

7.5 

12.6 

7.5 

8.4 

7.0 

8  2 

10.0 

7.0 

7.0 

12.2 

11.0 

5.9 

6.9 

11.6 

4.6 

7.9 

6.6 

14.4 

9.6 

6.5 

6.5 

13.4 

8.7 

4.3 

6.5 

8  6 

5.4 

6.4 

6.4 

10.4 

9.1 

5.0 

6.3 

11.3 

8.8 

5.9 

6.2 

13.0 

9.2 

8.5 

6.1 

11.0 

10.8 

4.7 

6  0 

11.8 

10.2 

4.3 

5.7 

14.0 

9.2 

10.8 

5.6 

10.5 

4.5 

6.0 

5  5 

9.0 

12  6 

7.0 

5.6 

11.0 

9.5 

7.7 

5  3 

11  9 

8.5 

2.6 

5.2 

13.0 

13.0 

6.4 

5.1 

10.9 

5.1 

5.3 

8.0 

8  0 

10.8 

2.9 

4.6 

8  0 

9.6 

3.5 

4.6 

8  0 

7.6 

4.3 

4.3 

8.6 

7.1 

3.9 

4.2 

5.6 

6.3 

4.2 

4.2 

14.6 

6.6 

3.8 

4.2 

13  8 

18.6 

4.0 

4.0 

9  0 

6.0 

3.9 

3.9 

11. 0 

6.4 

9.2 

3.9 

12.4 

14.4 

2  8 

3  8 

9.1 

8.2 

1 


s 


Univenity  of  Michigmn  .. 

Union  college 

Univenity  of  Florida 

Norwich  Univenity 

Colorado  College 

Lehigh  Univernty 

Worcester  Polytechnic . . . 
Pennsylvania  State 

College 

Throop  College. 

University  of  Kansas 

Univenity  of  Tennessee.. 

Purdue  University 

Univenity  of  Maine 

Univenity  of  Vermont. . . 

Case  School 

Washington  Univenity... 
Rensselaer  Potyt.  Inst.  . . 
Georgia  School  of 

Technology 

Univenity  of  Notre  Dame 
University  of  Illinois.. . . . 
Maryland  State 

College  of  Agriculture  . 

Bucknell  Univenity 

University  of 

North  DakoU     

North  Carolina  State 

College 

Ohio  State  Univenity  .  . . 
University  of  Arisona. . . . 
Univenity  of  Cincinnati  . 

Carnegie  Institute 

Univ.  of  Pennsylvania  .. . 
George  Washington 

Univenity 

Stevens  Institute 

Univenity  of  Arkansas  . . 

Univenity  of  Detroit 

Tufts  College 

Lafayette  College 

Pennsylvania  College .... 
New  Mexico  College  of 

Agric.  and  Mech  Art. . 


20.7 
22.8 
13.4 
33.6 
26.6 
28.6 
20.9 

22.0 
19.5 
17.0 
10.4 
20.4 
20.2 
27.6 
25.2 
22.3 
23.3 

21.1 
29.6 
27.7 

25.7 
23.0 

21  0 

19.4 
20.1 
17.3 
22.4 
28.3 
26.0 

25.7 
8.1 
28.5 
16.7 
24.0 
27.7 
15.0 

17.8 


6.7 

26.0 

0.0 

10.0 

4.5 

20.0 

6.6 

4.4 

6.6 

41:9 

0.0 

0.0 

3.9 

13.2 

6.9 

1.3 

4.7 

16.7 

4.7 

0.0 

6.6 

16.2 

1.9 

1.9 

6.8 

32.1 

5.3 

0.0 

5.5 

30.0 

7.6 

0.0 

6.0 

30.0 

6.7 

0.0 

9.0 

28.0 

5.0 

2.0 

5.2 

39.4 

0.0 

3.4 

3.5 

21.5 

5.9 

7.6 

6.0 

26.5 

4.6 

4.0 

5.4 

27.0 

2.2 

2.2 

5.5 

25.9 

1.3 

1.3 

5.4 

32.7 

4.4 

1.3 

6.2 

33.8 

1.1 

0.0 

6.0 

25.3 

2.5 

0.0 

0.0 

22.0 

10.7 

1.2 

5.7 

25.6 

8.5 

0.0 

4.5 

21.6 

9.3 

0.0 

9.4 

23.0 

8.0 

3.0 

8.0 

33  0 

2  0 

1.6 

6.0 

29.4 

5.3 

0.0 

5.2 

31.2 

00 

5.8 

5.1 

32.7 

0  0 

7.1 

10.4 

34.2 

2  3 

0  0 

4.6 

30  0 

3  3 

0.0 

6.1 

33.6 

1.5 

0.0 

8.6 

33.6 

2.8 

5.0 

7.5 

53.9 

2.1 

0.0 

5.5 

22.9 

0.0 

10  4 

10.5 

39.5 

2.9 

0  0 

6.0 

22.0 

2.0 

21.0 

6.4 

24.5 

11.0 

3.9 

9.2 

23.5 

11.8 

0  0 

5.8 

42.7 

2.8 

1.0 
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TABLE  V. 
MATHEMATICS  EXC.  DESCRIPTIVE 


INSTITUTION 


W 


II 


|.§ 
Is 

If-s 


3 


I 


Colorado  College 

Mississippi  Agric.  and 

Mech..  College 

Union  College 

Syracuse  University 

University  of  Missouri 

(Columbia) 

University  of  Nebraska... 

Iowa  State  College 

University  of  Idaho 

State  University  of  Iowa. 
University  of  Arkansas. . . 

Purdue  University 

University  of  Texas 

■   University  of  Colorado. . . 
University  of  Wyoming . . 

University  of  Illinois 

Univ.  of  New  Mexico 

University  of  Detroit .... 

Univ.  of  Minnesota 

University  of  Oklahoma.. 

University  of  Maine 

Agnc.  and  Mech.  College 

of  Texas 

University  of  Alabama  . . 

Montana  State  College  of 

'     Agric.  and  Mech.  Arts. 

Ohio  State  University 

Oregon  Agric.   and 

Mech.  College 

Rensselaer  Polyt 

University  of  Michigan.... 

Tulane  University 

Olkahoma  Agric.  and 

Mech.  College. 

Penn.  State  College 

Pensylvania  College 

State  College  of 

Washington 

New  Hampshire  College  . 

University  of  Kansas 

University  of  Utah 

North  Carolina  State 

College 

Univ.  of  Wisconsin 


26.5 

16.3 
22.8 
25.0 

16.1 
17.8 
21.7 
21.5 
26.9 
28.5 
20.4 
20.7 
30.0 
16.7 
27.7 
28.0 
16.7 
20.6 
26.2 
20.2 

28.8 
18.4 

33.0 
20.1 

25.0 
23.3 
20.7 
12.3 

25.0 
22.0 
15.0 

27.2 
21.0 
17.0 
14.6 

19.4 
21.0 


4.7 

10.0 
8.6 
4.0 

4.8 
3.2 
7.5 
7.8 
6.6 
4.2 
7.9 
9.5 
7.1 
4.8 
4.3 
4.2 
3.8 
4.1 
6.8 
6.5 

12.5 


3.0 
2.6 

4.5 
5.9 
4.3 
6.4  t 

5.9 
7.5 
9.2 

6.2 
4.1 
7.0 
4.6 

7.7 
4.0 


7.8 

0.0 
8.6 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
4.2 
6.6 
0.0 
0.0 
0.0 
5.7 
0.0 
4.2 
0.0 
0.0 
6.5 

00.0 
0.0 

0.0 
5.2 

0.0 
6.2 
11.4 
0.0 

0.0 
7  5 
3  9 

0  0 
0.0 
7  0 
0  0 

5.3 
0  0 


18.8 
17.2 
16.3 

16.1 
16.0 
15.0 
15.0 
14.7 
14.6 
14.4 
14.3 
14.3 
14.3 
14.0 
14.0 
13.8 
13.7 
13.7 
13.4 

13.3 
13.2 

13.0 
13.0 

13.0 
13.0 
12.9 
12.8 

12.5 
12.5 
12.4 

12.4 
12.2 
12.0 
12.0 

11.9 
11.9 


13.3 

7.0 

5.6 

10.2 

8.1 

12.0 

11.5 

7.8 

8.8 

5.5 

9.6 

15.8 

7.1 

7.9 

9.2 

9.1 

18.6 

8.2 

14.3 

8.7 

4.5 
10.5 

16.0 
13.0 

9.5 

9.2 

10.0 

7.9 

11.0 

7.5 

14.4 

6.2 
10.1 
11.0 

7.7 

8.5 
7.9 


4.7 

4.5 
4.5 
7.5 

4.0 
4.8 
6.8 
5.2 
5.9 
5.6 
3.5 
8.0 
7.1 
6.3 
5.7 
5.5 
10.5 
4  1 
5.3 
6.0 

4  6 
6  3 

5  2 
5.2 

4.5 
6.2 

5  7 

8  9 

6  7 

5  5 
9.2 

6.8 

6  1 

9  0 
9  2 

6  0 
4  0 


15.7 

4.7 

26.1 

5.9 

20.0 

5.5 

35.0 

2.0 

29.8 

4.0 

32.8 

0.0 

23.7 

2.7 

36.2 

1.3 

28.3 

6.6 

22.9 

0.0 

21.5 

5.9 

27.0 

4.7 

31.4 

3.0 

38.1 

0.0 

25.6 

8.5 

25.9 

2.1 

39.5 

2.9 

33.3 

4.1 

29.0 

3.4 

26.5 

4.6 

26.7 

3.3 

34.7 

4.7 

16.2 

7.0 

31.2 

0.0 

30.0 

0.0 

33.8 

1.1 

25.0 

0.0 

48.4 

0.0 

30.9 

1.5 

30.0 

7.5 

23.5 

11.8 

2to.7 

4.7 

35.7 

0.0 

28.0 

5.0 

42.5 

4.5 

29.4 

5.3 

31.5 

4.0 

0.0 

6.3 
4.4 
0.0 

18.7 

10.4 
7.5 
0.0 
0.0 

10.4 
7.6 
0.0 
0.0 
8.7 
0.0 

11.2 
0.0 
8.9 
0.0 
4.0 

1.7 
5.8 

5.2 
5.8 

5.7 

0.0 

10.0 

2.0 

3.0 
0.0 
0.0 

3.1 
5.4 
2.0 
0.0 

0.0 
11.8 


2  3 

6.2 
2  8 
0.0 

3.2 
3.2 
3.6 
5.2 
2  2 
4.2 
2.6 
0.0 
0  U 
3.2 
4.3 
. .  ..♦ 
0  0 
2  8 
1.3 
3.6 

6.7 
4.2 

2.4 

3.9 

7.5 
1.3 
0  0 
1.3 

4.6 
0.0 
0.7 

3.7 
5.4 
2.0 
1.5 

6.6 
4.0 
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TABLE  VI. 
ELECTIVES 


INSTITUTION 


1 

1 

c 

i 

D 

II; 

St 

"a 

V   1 

24.0 

4.0 

4.0 

9.0 

28.6 

2.4 

00.0 

7.2 

22.4 

1.6 

0.0 

9.4 

26.6 

6.0 

00.0 

10.0 

18  6 

6.4 

3.5 

10.5 

16.1 

4.8 

0.0 

16.1 

21.0 

4.0 

0.0 

11.9 

28.0 

4.2 

0  0 

14.0 

28.5 

4.2 

4.2 

14.6 

17.8 

3.2 

0.0 

16.0 

20.6 

4.1 

0.0 

13.7 

16.7 

4.8 

0.0 

14.3 

23.8 

6.2 

3.2 

8.8 

15.0 

0.0 

0.0 

11.0 

20  4 

7.9 
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ANNUAL  REPORT  OF  THE  MARINE  COMMITTEE 

To  the  Board  of  Directors, 

The  Marine  Committee  submits  the  following  report  for  the 
year  1917-18. 

Two  merchant  vessels  equipped  with  alternating-current 
lighting  and  motor  service  including  engine  room  auxiliaries  as 
well  as  deck  axuiliaries  have  been  completed  and  put  in  service. 
As  mentioned  in  last  year's  report  these  equipments  followed 
land  practise  adopting  250- volt,  60-cycle,  thnee-phase  alter- 
nating current.  The  total  power  provided  was  200  kw.  divided 
in  two  equal  units. 

These  equipments  were  thoroughly  tested  and  found  satis- 
factory by  extensive  trial  trips  of  the  vessels  but  the  vessels 
themselves  have  not  been  in  service  a  sufficient  time  to  warrant 
conclusions  to  be  drawn  as  to  service  conditions.  The  vessels 
are  both  oil  carriers  and  the  heaviest  auxiliary  loads  were  those 
connected  with  the  cargo  oil  pumps.  It  is  to  be  expected  that 
the  owners  will  maintain  records  to  show  whether  the  vessels 
show  marked  improvement  in  the  loading  and  discharging  of 
cargo.  It  was  upon  this  basis  and  the  danger  coincident  to  the 
use  of  d-c.  motors  that  the  application  was  made.  The  two 
electrically  propelled  merchant  vessels  have  not  yet  been  com- 
pleted.   Their  equipments,  however,  are  now  under  construction. 

Much  work  has  recently  been  projected  on  the  basis  of  using 
oil  engine-driven  generators  and  electric  motors  for  ship  pro- 
pulsion. For  reasons  connected  with  the  low  speed  of  the  oil 
engine  and  increased  efficiency,  these  plants  have  been  designed 
for  25  cycles.  It  is  understood  that  two  such  vessels  may  be  so 
equipped. 

Present  Activities 

Your  committee  has  not  been  able  to  make  further  progress 
this  year  regarding  the  full  revision  of  the  electrical  rules  of 
Lloyd's  Register  of  British  and  Foreign  Shipping.  The  war 
conditions  have  prevented  the  necessary  conferences,  but  minor 
matters  of  installation  have  been  referred  to  the  Lloyd's  Register 
from  time  to  time  and  approval  given  in  accord  with  American 
practise.  It  was  the  consensus  of  opinion  of  this  committee 
at  its  last  meeting  that  the  present  time  would  not  permit  of 
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the  preparation  of  technical  papers  either  for  presentation  at 
meetings  or  for  publication  in  the  Transactions.  There  has 
been,  however,  a  favorable  tendency  towards  the  writing  of 
popular  articles  on  marine  subjects  in  order  to  aid  the  general 
public  in  its  conception  of  the  extent  of  the  uses  of  electricity 
in  the  marine  field. 

Suggestions  for  the  Future 

It  is  the  purpose  of  your  committee  to  continue  to  make 
suggested  changes  in  the  rules  of  the  various  classification  So- 
cieties, and  as  experimental  equipments  emerge  into  established 
practise  this  conmiittee  will  make  the  proper  recommendations. 
As  was  inferred  above,  the  intensive  work  of  the  individual 
members  of  the  committee  now  prevents  the  writing  of  tech- 
nical papers.  It  is  believed  that  the  time  is  approaching  when 
it  will  not  only  be  expedient  but  necessary  to  have  such  papers 
prepared  and  published  in  the  Transactions.  The  tendency  in 
the  field  of  ship  propulsion  seems  to  be  approaching  nearer  to 
the  use  of  electric  drive  due  probably  to  increased  interest  on  the 
part  of  ship  owners  and  marine  engineers  in  the  efficiency  of 
such  systems,  and  the  possibility  of  obtaining  electrical  appara- 
tus with  less  difficulty  than  other  types  of  propulsive  machinery. 

The  committee  desires  to  call  your  attention  to  the  desira- 
bility of  closer  coordination  of  its  work  with  the  other  technical 
committees  of  the  Institute.  The  growth  of  the  shipbuilding 
industry  in  this  country  and  allied  problems  makes  this  most 
desirable. 

H.  A.  HoRNOR,  Chairman 
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ANNUAL  REPORT  OF  THE  POWER  STATIONS 
COMMITTEE 

To  the  Board  of  Directors, 

The  Committee  held  two  meetings  during  the  year,  which, 
however,  were  poorly  attended.  It  was  early  recognized  undesir- 
able to  request  from  any  engineer  any  labor  for  committee  work 
except  that  which  would  be  absolutely  necessary  or  would  be- 
come of  vital  importance  to  the  operation  of  plants  during  the 
war. 

At  the  last  meeting,  held  December  14,  1917,  two  members 
in  addition  to  the  Chairman  undertook  to  investigate  and  col- 
lect all  available  information  on  the  broad  questions  of  savings 
in  production  and  utilization  of  power.  Mr.  Gorsuch  has  col- 
lected a  good  deal  of  information  on  what  has  been  accomplished 
in  utilizing  waste  gases  in  industries  and  tying  together  the  elec- 
tric power  distributing  lines  with  such  by-product  power  plants; 
also  studies  of  fundamental  factors  affecting  economies  in  opera- 
tion of  power  plants  and  favorable  conditions  under  which  they 
may  be  secured. 

Mr.  Putnam  and  the  Chairman  undertook  to  review  the 
present-day  relative  economic  values  of  new  water  power  de- 
velopments vs.  steam  power  developments  and  their  dependency 
and  coordination,  having  in  view  the  advisability  or  not  of 
investing  new  capital  in  new  water  power  developments  dtuing 
the  time  of  the  war,  in  contra-distinction  of  what  the  economic 
factors  would  have  been  previous  to  the  war  and  what  may 
be  after  the  war. 

The  Chairman  in  collecting  these  subjects  had  in  view  the 
possibility  of  eventually  securing  proper  papers  for  presentation 
at  one  of  the  meetings  of  the  Institute  if  it  were  found  desirable 
to  cover  at  such  meeting  the  subjects  fro^  the  standpoint  of  the 
broad  national  policy  diuing  the  war  period. 

In  pursuing  the  study,  the  Chairman  soon  found  out  that  the 
subject  of  power  is  a  complex  one  and  has  many  ramifications, 
so  that  a  comprehensive  solution  could  not  be  attained  without 
securing  the  co-opel"ation  of  representatives  of  different  organi- 
zations interested  in  the  application  of  water  powers,  steam 
powers,  best  methods  of  securing  highest  fuel  economy  by  con- 
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centration  of  power  generation,  inter-connection  of  systems, 
possibilities  of  economies  in  use  of  wastes  and  gases  from  by- 
product coke  ovens,  powdered  fuel,  etc. 

The  Chairman,  on  the  occasion  of  the  Mid- Winter  Convention, 
took  the  opportunity  of  suggesting  to  the  President  that  it  might 
be  advisable  to  initiate  the  organization  of  a  National  Engineer- 
ing Commission  for  considering  and  discussing  plans  and  ways  of 
advancing  the  recommendations  made  in  his  address.  Such  a 
Commission  would  naturally  broaden  out  to  study  and  report  on 
policies  affecting  economics  of  power  generation  for  general  power 
application,  steam  electrification  and  special  industries  requiring 
continuous  use  of  power.  It  was  believed  that  such  a  study  and 
recommendation  would  be  of  immense  value  to  the  industries, 
Government  and  State  in  shaping  their  policies  in  the  generation 
and  utilization  of  power. 

A  conference  to  discuss  the  subject  thoroughly  and  outline 
plans  could  not,  on  account  of  the  pressure  of  other  matters,  be 
arranged  to  include  all  who,  in  the  opinion  of  the  Chairman, 
should  be  present. 

Some  individual  work  was,  however,  done  and  considerable 
material  is  now  available  for  use  if  the  new  administration 
should  decide  to  carry  out  the  plan. 

Respectfully  submitted, 

Philip  ToRCHio,  Chairman 
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SPLIT-CONDUCTOR   CABLE— BALANCED    PROTECTION 


BY  W.  H.  COLE 


Abstract  of  Paper 

Primarily,  this  paper  is  intended  to  be  a  brief  history  of  the 
principal  experiences  of  the  Edison  Electric  Illuminating 
Company  of  Boston  in  the  design  and  application  of  selective 
balanced-protection  schemes  to  parallel  connected  trans- 
mission conductors. 

Split-conductor  cables  are  discussed  at  considerable  length,  both 
as  to  design  and  operation.  Paired  ordinary  conductors  also  are 
discussed,  and  their  relation  to  so-called  split-conductors 
pointed  out. 

Special  apparatus  and  devices  required  in  connection  with 
current-balancing  schemes  are  illustrated  and  discussed. 

A  partial  nomenclature  is  proposed,  to  assist  in  clearing  the 
way  for  intelligent  discussion  and  a  uniform  understanding 
of  the  general  subject  of  current-balance  protection  for  paired 
conductors. 

A  schedule  of  installations  in  the  Boston  system  is  given  in 
order  that  the  extent  of  the  work  described  may  be  visualized, 
supplemented  by  a  description  of  the  results  obtained  in  actual 
operation. 

No  general  conclusions  are  drawn  since  the  paper  is  tf  the 
nature  of  a  report  on  progress;  specific  conclusions  are  drawn, 
however,  in  a  number  of  cases  where  the  evidence  or  experience 
appears  to  be  reasonably  conclusive. 

A  mathematical  discussion  of  a  number  of  reactive  end-im- 
pedance devices,  by  Professor  C.  A.  Adams,  is  appended. 


IT  IS  not  the  intention  to  offer  this  paper  as  a  complete  treatise 
on  the  general  subject  of  balanced  protection  for  lines  and 
apparatus.  It  seems  advisable  to  deal  as  briefly  as  possible 
with  some  of  the  experiences  of  the  Edison  Electric  Illuminating 
Company  of  Boston  in  its  pioneer  work.  Only  such  detailed  des- 
cription and  discussion  as  appears  necessary  to  explain  the 
scope  of  the  work,  will  be  attempted.  Such  a  recital  may  be 
of  general  interest,  and  of  some  value  to  transmission  engi- 
neers. It  is  submitted  with  the  hope  that  a  general  discussion 
will  follow,  disclosing  experiences  of  other  engineers  along 
related  lines. 

Some  years  ago  our  engineers  became  convinced  that  line 
protection  devices,  which  function  with  respect  to  time,  to  value 
of  current,  or  to  direction  of  power  flow,  were,  in  an  extensive 
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and  rapidly  growing  transmission  network,  exceedingly  diffi- 
cult, and  frequently  impossible  to  adjust  and  maintain  in  such 
a  relation  one  to  another,  as  to  provide  for  the  automatic  dis- 
connection of  any  faulty  element,  without  simultaneously  per- 
mitting the  disconnection  or  shutdown  of  elements  not  them- 
selves involved  in  the  fault. 

Following  this  recognition  of  the  inadequacy  of  such  pro- 
tective gear,  careful  investigation  was  made  of  fault  discrimi- 
nating systems  then  in  use  abroad.  As  a  result  our  company 
determined  to  make  use  of  one  or  more  methods  based  on  the 
current  balance  principle.  Up  to  that  time  the  input-output 
method  commonly  known  abroad  as  the  Merz-Price  system, 
seemed  to  be  the  most  popular,  although  the  older  idea  of  bal- 
ancing conductors  in  pairs  also  had  seen  some  application. 

Our  company  at  first  gave  serious  consideration  to  the  input- 
output  method,  as  it  appeared  to  have  enjoyed  a  considerable 
degree  of  success.  Before  we  were  prepared  to  install  this  scheme 
in  connection  with  transmission  cables,  however,  attention 
was  directed  to  a  reassembly  of  the  older  proposition  of  balanced 
pairs,  which  consisted  of  an  arrangement  of  paired  conductors 
in  the  form  of  a  special  cable.  Since  the  pairs  were  to  operate 
parallel  connected  at  each  end,  and  therefore  with  substantially 
no  potential  between  the  members  of  a  pair,  the  amount  of  in- 
sulation between  them  could  be  comparatively  light,  and,  con- 
sequently, one  belt  of  primary  insulation  only,  was  required 
for  each  two  paired  conductors.  This  resulted  in  a  cheaper 
and  more  compact  transmission  unit,  for  a  given  capacity,  than 
two  separate  or  independent  primary  insulated  conductors, 
of  equivalent  capacity.  It  also  appeared  to  be  a  less  costly 
proposition  than  the  "input-output"  scheme,  especially  when 
the  cost  of  duct  space  for  the  necessary  pilot  cables  was  con- 
sidered. 

Weighing  the  advantages  of  the  two  methods,  led  to  a  decision 
to  make  one  or  more  installations  of  the  special  form  of  paired- 
conductor  cable.  This  type  of  cable  has  now  become  quite 
well  known  as  the  "split-conductor"  type.  This  name  may 
not  be  the  most  expressive,  since  the  arrangement  is  obviously 
not  so  much  the  splitting  of  conductors,  as  it  is  the  assembly 
in  an  economical  manner,  of  two  separate  conductors  to  be 
operated  as  paired  conductors  in  a  balanced  protection 
scheme.  It  may  be,  however,  desirable  to  perpetuate  it  when 
referring  to  any  arrangement  of  paired  conductors  assembled 
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and  operated  with  a  common  primary  dielectric.  The  nomen- 
clature used  herein  is,  therefore,  based  on  an  asstimed  division 
or  splitting  of  conductors  into  an  equivalent  arrangement. 

While  paired  conductors  have  been  arranged  or  proposed 
in  forms  other  than  the  ''concentric  twin,''  Fig.  1  and  Fig.  2, 
such  as  the  so-cdlled  *'D  twin,"  Fig.  3,  and  the  "sector  twin" 
Fig.  4,  no  form  other  than  the  "concentric  twin"  will  be  speci- 


FiG.  1 


Fig.  2 


Fig.  3 


Fig.  4 


fically  considered  herein,  since  this  form,  at  least  up  to  the  present 
moment,  seems  to  embody  more  desirable  features  than  any 
other. 

As  a  matter  of  historical  interest,  it  may  with  propriety  be 
stated  here,  that  the  generic  type  of  balanced  protection  here- 
inafter discussed,  had  its  birth  about  17  years  ago,  when  it  was 
suggested  by  Mr.  E.  M.  Hewlett  of  Schenectady,  N.  Y.  A  form 
of  balanced  protection  for  paired  conductors  also  was  proposed 
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by  Mr.  Leonard  Andrews  of  Hastings,  England,  in  1902,  embody- 
ing the  first  use  of  the  differential  reactor  hereinafter  described. 
Balanced  protection  schemes  are,  therefore,  relatively  old  sugges- 
tions. 

In  order  that  the  nomenclature  used  in  this  paper  may  be 
clear  in  meaning,  it  seems  advisable  to  define  some  of  the  terms 
particularly  applicable  to  ''split-conductor"  cable,  and  to  balanced 
protection,  as  follows: 

1.  Split- Conductor  refers  to  a  conductor  divided  into  two  strands 
separated  from  one  another  by  comparatively  thin  insulation,  the  strands 
assembled  in  various  shapes  and  surrounded  by  insulation  commensurate 
with  the  operating  voltage  of  the  system  in  which  it  is  to  operate. 

2.  Conductor  Member  refers  to  one  of  the  conducting  strands  of  a 
split-conductor. 

3.  Primary  Dielectric  refers  to  the  dielectric  surrounding  an  assembled 
group  of  conductor  members,  also  to  the  dielectric  surrounding  an  as- 
sembly of  split-conductors. 

4.  Secondary  Dielectric  refers  to  the  dielectr  c  between  the  conductor 
members.     It  is  also  sometimes  called  "split-insulation." 

5.  Impedance  Differential  refers  to  the  degree  of  unba  ance  between 
the  impedances  of  the  current  paths  of  a  plit-conductor  I'.ne.  It  is 
usually  expressed  as  the  percentage,  which  the  difference  between  the 
impedances,  bears  to  the  impedance  of  one  of  the  paths. 

6.  Resistance  Differential  refers  to  the  degree  of  unbalance  between 
the  resistances  of  the  members  of  an  individual  cable  section.  It  is 
usually  expressed  as  the  percentage,  which  the  difference  between  the 
resistances,  bears  to  the  resistance  of  one  of  the  members. 

7.  Normal  Differential  Current  refers  to  the  vector  differential  current 
in  an  unfaulted  split-conductor  line.  It  is  a  direct  measure  of  the  "Im- 
pedance Differential."  Its  value  is  directly  proportional  to  the  total 
current  and,  therefore,  reaches  its  maximum  when  a  through  short- 
circuit  occurs. 

8.  Tripping  Differential  Current  refers  to  the  minimum  value  of  dif- 
ferential current  to  which  the  relays  are  responsive. 

9.  Through  Short  Circuit  refers  to  a  short  circuit,  current  to  which  is 
fed  through  any  line  under  consideration.  Such  current  flow  is  usually 
termed  "through  short-circuit  current." 

10.  Balancing  or  Differential  Transformer  refers  to  the  transformer 
devices  used  for  comparing  the  currents  in  the  conductor  members, 
whereby  a  current  proportional  to  the  vector  differential  current  is 
derived  and  circulated  through  the  relay  circuit. 

11.  End-Impedance  or  End-Reactor  refers  to  an  impedance  device  used 
to  insure  the  creation  of  tripping  differential  current  at  either  end  of  a 
faulted  line,  when  the  fault  is  at  or  near  the  opposite  end  of  the  line. 

12.  Split-Con  act  Switch  refers  to  a  special  form  of  switch  or  breaker 
having  three  fixed  contacts  per  pole.  These  contacts  are  bridged  by  a 
three-point  yoke  or  blade.  Two  of  the  contacts  are  the  term  ni  of  the 
two  members  of  a  split-conductor.     The  normal  closing  movement  of 


Digitized  by  VjOOQIC 


1918]  COLE:  SPLIT-CONDUCTOR  CABLES  761 

the  yoke  or  blade  is  such  that  the  two  conductor-member  contacts  are 
connected  together,  prior  to  their  connection  through  to  the  bus.  The 
switching  sequence  is  exactly  the  reverse  when  disconnecting  the  line 
from  the  bus.  The  special  function  of  the  two-conductor  member 
contacts  with  the  associated  portion  of  the  yoke  or  blade,  is  to  introduce 
impedance  into  one  path  to  an  end  fault,  in  order  to  insure  a  tripping 
current  differential  at  the  remote  end  of  the  line. 

13.  End  Fault  refers  to  a  primary  fault  which  occurs  at  or  so  near 
the  end  of  a  line  as  to  require  external  devices,  such  as  end-impedances 
or  split-contact  switches,  to  assist  in  creating  tripping  differential  currents 
at  the  opposite  end  of  the  line,  to  insure  disconnection  at  that  end. 

.  14.  Middle  Fault  refers  to  a  fault  which  occurs  toward  or  at  the  middle 
of  the  length  of  the  line,  and  which  does  not  require  end-impedance 
devices  to  insure  tripping  difiEerential  current  at  both  ends  of  the  line. 

15.  Secondary  Fault  refers  to  a  fault  in  the  secondary  dielectric  per- 
mitting current  flow  from  one  conductor  member  to  the  other. 

16.  Arithmetical  Balancing  refers  to  any  method  of  balanced  protection, 
wherein  the  effect  of  arithmetical  difference  only,  between  the  compared 
currents,  is  operative  to  cause  operation  of  the  disconnecting  gear. 

17.  Vectorial  Balancing  refers  to  any  method  of  balanced  protection, 
wherein  the  effect  of  the  vectorial  difference  between  the  compared 
currents,  is  operative  to  cause  operation  of  the  disconnecting  gear. 

18.  Primary  Capacitance  refers  to  the  ordinary  capacitance  of  a  cable, 
such  as  is  usually  measured  between  one  conductor  and  the  other  two 
bunched  with  the  sheath. 

19.  Secondary  Capacitance  refers  to  the  capacitance  of  the  secondary 
dielectric,  as  measured  between  one  conductor  member  and  its  mate. 

20.  Transposition  Joint  refers  to  any  joint  in  which  the  members 
of  one  or  more  of  the  conductors  are  transposed. 

21.  Straight  Joint  refers  to  any  joint  in  which  the  conductor  members 
are  held  in  the  same  relative  position  through  the  joint. 

22.  Self  Healing  refers  to  automatic  healing  of  a  punctured  dielectric 
of  the  saturated  type.  With  balanced  protection,  it  often  happens 
that  a  line  is  so  rapidly  disconnected,  the  fault  current  does  not  attain 
high  values,  nor  does  it  carbonize  much  material.  The  result  is  a  fairly 
clean  puncture  which  immediately  becomes  more  or  less  completely 
sealed  with  hot  oil  or  compound.  If  the  potential  is  restored,  it  may 
take  considerable  time  for  the  carbon  particles  to  align  sufficiently  to 
cause  repetition  of  the  breakdown. 

Split-conductor  Cable  Design 
In  split-conductor  cable  design,  the  engineering  problems  do 
not  differ  materially  from  those  arising  in  ordinary  cable  design, 
except  with  respect  to  the  division  of  the  conductors.  The  chief 
additional  considerations  are,  first,  the  dimensions  and  type  of 
the  secondary  dielectric  and,  second,  the  permissible  resistance 
and  impedance  differentials. 

In  order  intelligently  to  design  the  secondary  dielectric,  it  is 
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necessary  to  predict  the  probable  value  and  duration  of  voltage 
stresses  in  the  secondary  dielectric,  and  when  they  may  be  ex- 
pected to  occur. 

Cables  are  subjected  to  two  classes  of  potential  stresses,  i.e., 
those  occurring  during  preliminary  high  potential  tests,  and  those 
occurring  in  service.  In  general,  only  those  occurring  in  service 
need  be  regarded  as  factors  affecting  cable  design. 

If,  while  in  service,  one  member  of  a  split-conductor  becomes 
involved  in  a  primary  fault,  say  to  earth,  it  is  clear  that  some  por- 
tion of  the  other  member  will  for  a  finite  period  of  time  be  at 
star  potential  above  the  faulty  one.  The  rapidity  of  the  change 
from  this  difference  of  pressure  to  a  lesser  one  will  depend  upon 
the  position  of  the  fault  with  respect  to  the  end  of  the  cable;  the 
frequency  at  which  the  greater  one  occurs,  upon  the  type  of 
system,  i.e.,  whether  grounded  or  isolated  neutral.  The  current 
flowing  to  the  fault  causes  a  differential  IR  drop  from  the 
terminals  to  the  fault,  and  under  some  conditions  this  drop  may 
result  in  establishing  the  star  potential  across  the  secondary 
dielectric.  The  linear  amount  of  secondary  dielectric  affected 
by  the  higher  stresses  is  dependent  upon  the  position  of  the  fault 
with  reference  to  the  length  of  the  cable,  and  also  upon  the  type 
of  protective  gear.  The  ctunulative  duration  of  stresses  in  the 
secondary  dielectric  for  a  given  fault,  is  a  function  of  the  time 
required  by  the  switch  gear  to  disconnect  the  line  from  all  sources 
of  supply. 

Since  balanced  protection  schemes  provide  for  rapid  disconnec- 
tion of  faulted  lines,  it  is  a  reasonable  assvunption  that  the 
higher  secondary  stresses  will  be  more  or  less  transient, 
for  which  a  conservative  allowance  may  be  made  when  determin- 
ing the  thickness  and  grade  of  the  secondary  dielectric. 

The  possible  effect  of  high  potential  testing  of  the  primar>' 
dielectric,  upon  the  secondary  dielectric,  requires  further 
consideration.  As  stated  above,  the  probable  maximimi 
secondary  pressure  due  to  operation,  will  not  exceed  the  star 
potential  of  the  system.  Primary  testing  at  double  operating 
pressure  may,  if  a  primary  failure  occurs,  residt  in  stressing  a 
part  of  the  secondary  dielectric  with  nearly  four  times  the  star 
potential.  Occasional  secondary  failures,  consequent  upon 
primary  failures  due  to  such  high-tension  testing  may,  therefore, 
be  expected. 

Since  high  potential  testing  after  installation,  if  accomplished 
without  failure,  causes  no  abnormal  stress   in  the  secondary 
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dielectric,  it  is  good  commercial  judgment  to  ignore  the  possi- 
bility of  secondary  failures  resulting  from  primary  high-tension 
tests,  and  design  for  operating  star  pressure  maxima  ovly. 

The  local  heat  set  up  by  the  arc,  upon  the  occurrence  of  a 
primary  fault,  and  its  possible  effect  upon  the  secondary  dielec- 
tric, miist  be  recognized.  As  the  outer  member  usually  is  very 
thin,  we  may  expect  it  to  be  destroyed  rapidly  at  the  point  of 
fault,  accompanied  by  extremely  local  and  intense  heating  or 
burning  of  the  adjacent  secondary  dielectric.  On  the  same 
basis  of  reasoning,  the  secondary  dielectric  often  may  be  com- 
pletely destroyed  at  this  point,  even  though  insulating  ma- 
terial substantially  thicker  than  required  to  withstand  star 
pressure  is  provided.  This  risk  coupled  with  the  fact  that  the 
maximum  pressure  across  this  dielectric  is  coincident  with  the 
point  of  fault,  makes  it  extremely  probable  that  if  any  breakdown 
of  the  secondary  dielectric  does  occur,  it  will  occur  at  this  point. 
It  is  assumed,  of  course,  that  this  dielectric  is  uniform  in  value 
throughout  its  length. 

At  the  beginning,  we  were  forced  to  consider  a  choice  beween 
a  secondary  dielectric  of  sufficient  thickness  to  withstand  success- 
fully at  least  the  star  voltage  of  the  system  impressed  across  a 
dielectric  being  rapidly  weakened  by  the  arc  at  a  fault,  and  a 
dielectric  of  minimum  safe  thickness  from  a  mechanical  stand- 
point, but  of  more  than  ample  value  for  the  normal  operating 
voltage  between  conductor  members.  A  choice  of  the  first 
meant  more  expensive  cable,  while  the  second  involved  the 
danger  of  failure  of  the  protective  apparatus  then  available,  to 
operate,  if  a  secondary  fault  should  occur.  Our  reasoning  was, 
that  the  major  portion  of  the  secondary  dielectric  being  sub- 
stantially an  idle  investment  under  all  normal  conditions,  any 
reduction  in  its  thickness  with  consequent  cheapening  of  the 
cable  was  justified,  provided  a  form  of  protective  gear  could  be 
devised  whereby  a  failure  of  the  secondary  dielectric  under  any 
circimistance  would  not  prevent  prompt  disconnection  of  the 
line  so  affected. 

The  required  form  of  gear  subsequently  became  available,  re- 
sulting in  our  standardizing,  tentatively  at  least,  a  secondary 
dielectric  thickness  of  3/64  in.  (1.19  nmi.)  paper  for  all  round 
type»  paper-insulated,  concentric  split-conductors  fori  5,000- 
volt  working  pressure;  1/16  in.  (1.58  mm.)  paper  for  the  same 
class  of  conductors  for  25,000  working  pressure;  and  5/64  in. 
(3.96  mm.)  paper  for  both  15,000  and  25,000- volt  sector  type, 
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paper-insulated,  concentric  split-conductors.  The  additional 
thickness  in  the  sector  split  type  is  due  to  what  appeared  to  be 
mechanical  necessity,  i.e.,  relatively  sharp  corners  of  the  inner 
member,  but  it  will  undoubtedly  be  reduced  as  the  art  of  manu- 
facture improves.  So  far  as  our  experience  indicates,  these 
thicknesses,  if  properly  applied  and  thoroughly  impregnated, 
with  the  conductor  members  free  from  mechanical  defects,  are 
ample  to  meet  the  conditions  imposed  by  manufactiire,  installa- 
tion, and  service,  with  our  standard  form  of  protective  gear. 

For  economic  reasons  it  seemed  better  to  assume  some  risk  of 
a  possible  secondary  failure,  if  the  cable  was  also  simultaneously 
nvolved  in  a  primary  fault  and,  therefore,  bound  to  be  discon- 
nected, than  to  specify  a  secondary  dielectric  of  a  thickness 
calculated  to  withstand  any  possible  stress  to  which  it  n^ght  be 
subjected,  knowing  that  this  maximtmi  stress  cannot  occur  ex- 
cept under  primary  fault  conditions  in  the  same  line. 

The  impedance  differential  in  a  completed  line  must  be  con- 
sidered jointly  with  the  characteristics  of  the  protective  gear  at 
the  ends  of  the  line,  and  its  magnitude  limited  in  accordance 
therewith,  since  if  the  maximxun  normal  differential  current  is 
permitted  to  be  high,  thereby  requiring  a  high  setting  of  the 
relays,  the  means  for  creating  the  required  value  of  tripping 
differential  current  under  and  fault  conditions  must  be  of 
corresponding  magnitude.  This  limitation  is  of  particular  im- 
portance, if  the  end-impedance  devices  are  the  reactive  type. 

In  order  that  the  impedance  differential  of  a  completed  cable 
line  shall  be  as  small  as  desired,  it  is  first  necessary  to  care  prop- 
erly for  the  resistance  differential  in  the  individual  cable  sections, 
by  limiting  its  value,  or  preferably  its  variation  from  a  pre- 
determined percentage  of  the  resistance  of  one  of  the  conductor 
members.  In  other  words,  it  is  not  so  important  that  the  con- 
ductors agree  with  each  other  to  a  small  percentage,  as  it  is  that 
the  ratio  of  their  resistances,  one  to  the  other,  shall  not  differ  by 
more  than  a  small  percentage.  Second,  it  is  necessary  that  the 
conductor  members  shall  be  so  transposed  in  the  jointing  of  the 
cable  sections  as  to  insure  that  the  resistance  differential  of  the 
completed  line  is  within  the  desired  limits,  which  also  provides 
for  relative  changes  in  temperature  and  resistance  of  the  con- 
ductor members.  Third,  the  reactance  differential  of  the  com- 
pleted line  must  be  kept  down  to  the  proper  value,  and  it  is 
ordinarily  accomplished  by  the  transposing  required  for  resist- 
ance balancing.     As   it   is   a  much   larger   differential  in  the 
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individual  cable  sections  than  the  resistance  differential, 
running  as  high  as  40  per  cent,  it  may  be  the  larger  component 
of  the  impedance  differential.  It  is  very  necessary  that  this 
differential  be  carefully  equalized  in  a  completed  line.  Its  value 
is  fixed  by  the  design  of  the  conductor  and,  therefore,  is  out  of  the 
control  of  the  manufacturer. 

A  reasonable  specification  for  resistance  differential  of  a  cable 
section  is  that  it  shall  not  exceed  two  per  cent  when  the  nominal 
resistance  ratio  of  the  conductor  members  is  required  to  be  100: 
100.  If  it  is  desired  to  specify  a  nominal  resistance  ratio  of ,  say 
100:  102,  then  the  requirement  should  be  that  the  ratio  of  resist- 
ance of  the  conductor  members  shall  be  not  greater  than  100:101, 
nor  less  than  100:103. 

Our  experience,  without  feeder  reactors,  has  shown  that  no 
material  difficulty  need  be  expected  in  getting  completed  lines 
to  balance  closely  enough  to  permit  the  maximtmi  through  short- 
circuit  current  to  flow,  without  setting  up  normal  differential 
currents  of  tripping  value.  Short  lines  originating  at  a  power 
plant  are,  of  course,  subject  to  the  heaviest  through  short 
circuits  and,  therefore,  require  the  most  care  in  balancing.  While 
long  lines  do  not  require  as  close  balancing,  they  are  easier  to 
balance  than  short  lines,  since  the  law  of  averages  has  a  more 
effective  application. 

During  the  war,  the  copper  wire  market  has  been  such,  that 
considerable  difficulty  has  been  experienced  by  manufacturers,  in 
securing  copper  dra^^n  with  the  accuracy  desirable  for  the  pro- 
duction of  well  balanced  split-conductors.  This  has  forced  the 
acceptance  of  cable  not  quite  up  to  the  pre-war  standard,  and  has 
required  more  attention  in  the  matter  of  transposing  conductors, 
in  order  to  secure  the  desired  balance  in  the  completed  lines. 
It  is  the  aim  to  secure  impedance  balance  in  completed  lines  to 
within  one  tenth  of  one  per  cent.  With  uniformly  well  balanced 
cable  sections,  this  result  is  ordinarily  sectu-ed  with  from  one  to 
five  transpositions.  The  present  practise  is  to  use  no  less  than 
three,  dividing  the  line  into  four  sections. 

Relays  for  Current-balance  Protection 
Relays  should  be  of  the  instantaneous  overload  type,  operative 
on  small  amounts  of  energy,  hand  resetting,  and  the  moving  parts 
should  have  small  inertia.  Secondary  devices  are  necessary  to 
close  the  contacts  ia  the  tripping  circuit.  An  auxiliary  break 
in  the  tripping  circuit  should  be  provided,  to  be  actuated  by  the 
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movement  of  the  main  switch  mechanism.     At  least  two  manu- 
facturers in  this  country  have  produced  a  satisfactory  form. 

The  hand-reset  feature  is  very  important,  since  it  constitutes 
reliable  means  of  diagnosing  the  class  of  fault  causing  the  opera- 
tion of  the  protective  gear. 

Split-Conductor  Protective  Gear 
Single-line  diagrams,  Figures  5,  6,  7,  and  8,  show  diagrammati- 
cally  some  of  the  forms  of  protective  gear  we  have  used  or  con- 
sidered, the  form  shown  in  Fig.  5  now  being  fairly  well  stand- 
ardized. 
At  the  risk  of  some  repetition  it  may  be  advisable  to  explain 
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Fig.  8 

the  functions  of  the  several  devices  shown,  and  discuss  their 
different  characteristics. 

Common  to  all  current-balancing  schemes,  an  apparatus  for 
weighing  or  comparing  the  currents  in  the  paired  conductors  is 
required.  The  simple  differential  transformer  is  undoubtedly 
the  best  device  for  the  purpose  so  far  suggested.  It  consists  of  a 
standard  type  of  current  transformer  core  upon  which  are  wound 
two  primary  coils,  and  one  secondary  coil.  The  primary  coils 
are  each  respectively  connected  into  one  of  the  paired  conductors 
in  such  a  manner  that  under  normal  conditions  of  current  flow, 
the  coils  will  have  equal  and  opposite  effects  upon  the  trans- 
former core.  If  the  primary  coils  are  symmetrically  disposed  with 
reference  to  each  other  and  to  the  core,  no  core  flux  will  be  set 
up,  and  consequently  no  current  will  flow  in  the  secondary  wind- 
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ing  or  relay  circuit  connected  thereto.  This  is  the  condition  that 
should  obtain  in  a  perfectly  balanced  split-conductor  under 
normal  conditions.  Should  a  fault  occur,  however,  resulting  in 
a  disturbance  of  the  normal  cturent  flow,  then  the  balanced- 
current  condition  no  longer  obtains,  and  the  difference  of  ciurent 
values  in  the  balancing  transformer  primaries  results  in  estab- 
lishing a  core  flux,  and  consequently  a  current  flow  in  the 
secondary  coil  and  relay  circuit.  As  soon  as  this  secondary  cur- 
•  rent  reaches  the  tripping  value,  the  line  is  automatically  discon- 
nected at  one  or  both  ends,  depending  upon  the  position  of  the 
fault. 

If  all  faults  in  split-conductor  lines  were  confined  to  the 
middle  of  the  length  of  the  line,  and  to  one  conductor  member 
only,  tripping  differential  cturent  would  be  assured  at  both  ends 
of  the  line,  even  though  the  balancing  transformer  windings  have 
very  little  impedance.  Balanced -current  protection  for  paired 
conductors  would,  with  such  premises,  be  an  ideally  simple 
proposition. 

Since  it  is  absolutely  necessary  that  the  scope  of  the  protec- 
tion shall  include  the  entire  line,  and  extremely  desirable  that 
line  disconnection  be  effected  while  the  fault  ciurent  is  moderate 
in  value,  it. is  necessary  to  provide  for  what  are  known  as  end 
faults. 

End  fault  protection  is  seciu-ed  by  the  use  of  so-called  end- 
impedance  devices.  Up  to  the  present,  two  types  have  been 
developed,  the  reactive  type  and  the  non-reactive  type.  The 
reactive  type  has  been  proposed  in  several  forms,  three  of  which 
are  shown  in  Figures,  5,  6  and  7.  The  non-reactive  type  as 
embodied  in  the  three  point  per  pole,  or  split-contact  switch. 
Fig.  8,  is  the  best  known  form  of  that  type. 

The  theory  of  design  and  application  of  end-impedances  is 
discussed  quantitatively  in  the  appendix  to  this  paper,  kindly 
prepared  by  Prof.  C.  A.  Adams,  but  possibly  a  non-mathematical 
statement  of  the  action  of  end-impedances  may  be  helpful. 

Assume  that  a  failure  occurs  on  a  split-conductor,  say  at  X, 
Fig.  6,  affecting  one  member  only,  and  for  the  moment  that  no 
impedance  devices  are  in  circuit,  cturent  will  flow  to  or  from 
the  fault  in  two  directions.  At  the  fault  end  of  the  conductor, 
the  flow  through  one  primary  coil  of  the  balancing  transformer 
will  be  reversed  in  direction  with  respect  to  the  flow  through  the 
other  primary  coil.  The  current  flowing  in  the  first  mentioned 
primary  coil  will  be  supplemented  by  current  from  the  bus  at  the 
fault  end  of  the  conductor,  if  this  bus  is  supplied  by  conductors 
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other  than  the  faulty  one,  or  possibly  by  current  from  synchron- 
ous apparatus  connected  to  this  bus.  As  the  effect  of  the  cur- 
rent flow  in  the  transformer  primaries  becomes  cumulative  under 
conditions  of  relative  reversal  of  current,  it  will  be  seen  that 
ample  secondary  or  tripping  current  is  assured,  with  consequent 
disconnection  of  the  conductor  at  this  end. 

From  the  above,  it  is  clear  that  end-impedance  devices  are  not 
required  in  order  to  insure  operation  of  the  disconnecting  gear  at 
the  end  of  a  line  adjacent  to  an  end  fault.  Since,  however,  an 
end  fault  is  so  located  with  respect  to  the  distant  end  of  the  line, 
that  the  impedance  in  one  current  path  from  the  bus  at  the  dis- 
tant end  is  substantially  equal  to  the  impedance  in  the  other 
current  path,  the  two  components  of  the  total  current  flow  from 
the  distant  end  will  also  be  substantially  equal,  or  at  least  they 
will  not  differ  by  more  than  the  normal  differential  current,  due 
to  the  inherent  impedance  differential  of  the  conductor.  As  the 
relays  must  not  operate  on  normal  differential  currents,  it  is 
necessary,  in  order  to  produce  disconnection  of  the  distant  end, 
that  the  impedance  of  one  of  the  current  paths  be  altered  with 
respect  to  the  other,  to  the  extent  required  to  produce  a  tripping 
differential  current  in  the  balancing  transformer  at  the  distant 
end  of  the  line. 

Referring  again  to  single-line  diagrams  Figs.  5,  6,  7  and  8,  and 
assuming  an  end  fault  on  each,  in  a  position  equivalent  to  that 
shown  in  Fig.  6,  and  that  all  lines  have  been  disconnected  from 
the  bus  at  the  fault  end  in  the  manner  previously  described,  the 
tripping  differential  current  to  insure  disconnection  at  the  dis- 
tant end  is  assured  as  follows:  In  Fig.  5,  the  impedance  in  one 
current  path  to  the  fault  becomes  increased  with  respect  to  the 
other,  due  to  the  inclusion  in  the  first  path  of  both  reactors.  In 
Fig.  6  the  impedance  of  one  path  is  increased,  due  to  the  inclu- 
sion therein  of  three  of  the  reactors  as  against  one  reactor  only 
in  the  other  path.  In  Fig.  7  the  impedance  of  one  path  is  in- 
creased, as  the  coils  of  the  reactor  at  the  fault  end  become 
cumulative  in  effect,  due  to  relative  reversal  of  current  in 
one  of  them.  In  Fig.  8  the  impedance  of  one  path  is  increased 
(to  an  infinite  value)  by  the  actual  opening  of  one  path  to  the 
fault  at  the  so  called  split-contacts. 

Discussion  of  End-impedance  Devices 
While  any  of  the  types  or  forms  shown,  may  be  designed  to 
provide  adequate  end-fault  protection,  they  differ  enough  in  their 
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characteristics  to  warrant  considerable  study  before  a  choice  is 
made.  Choice  should  be  governed  by  such  considerations  as, 
strength  of  design,  space  required  for  their  installation,  effect  on 
regulation,  effect  on  switchgear  and  switchboard  design,  rapidity 
of  action,  cost,  etc. 

The  form  shown  in  Fig.  5  is  a  special  arrangement  of  simple 
reactors,  rather  than  a  distinct  form.  It  was  developed  as  a 
result  of  a  desire  to  reduce,  for  a  given  duty,  the  reactor  capacity 
necessary  in  the  forms  shown  in  Figures  6  and  7,  and  as  well  to 
insure  that  tripping  current  differentials  would  be  set  up,  should 
both  the  conductor  members  be  simultaneously  involved  in  a 
fault. 

The  form  shown  in  Pig.  6  has  had  but  little  application  and  is 
shown  and  described  merely  for  purposes  of  comparison.  It  is 
obviously  the  least  desirable  of  all  forms  shown,  since  the  capacity 
required  for  a  given  duty,  the  space  required  for  installation,  and 
the  effect  upon  regulation,  are  all  of  an  order  twice  that  in- 
herent to  the  scheme  shown  in  Fig.  6.  The  arrangement  com- 
pares favorably,  however,  with  that  shown  in  Fig.  7,  except  as 
to  iron  losses  and  effect  upon  regulation. 

The  form  shown  in  Fig.  7  is  best  described  as  the  differential 
type.  It  was  suggested  by  Mr.  Leonard  Andrews  df  Hastings, 
England,  about  16  years  ago,  and  has  had  some  application 
abroad,  not  only  in  the  form  illustrated,  but  also  when  provided 
with  a  super-imposed  secondary  winding  of  proper  impedance, 
thereby  combining  in  one  device,  the  function  of  an  end-impedance 
with  that  of  a  balancing  transformer.  Its  chief  claim  for  consid- 
eration, is  its  non-inductive  characteristic,  and  absence  of  core 
loss,  under  conditions  of  normal  current  flow.  At  first  glance 
it  might  be  thought  that  this  form  of  reactor  could  be 
designed  with  a  minimum  amount  of  iron  in  its  core,  since 
under  normal  conditions  there  is  no  flux  therein,  and  thus  it 
could  be  smaller  and  cheaper  than  other  reactive  forms  of  end- 
impedance.  This  type  of  reactor  is,  however,  not  only 
differential  itself,  but  cooperates  differentially  with  its  mate 
at  the  opposite  end  of  the  line,  so  that  it  is  the  vectorial 
difference  between  their  respective  effects  that  produces  the 
required  differential  current  for  tripping  purposes,  at  the  end 
remote  from  an  end  fault.  Any  attempt,  therefore,  to  reduce 
the  size  and  cost  of  this  form  of  reactor,  by  designing  it  for  high 
saturation  in  the  core  when  functioning  for  end-faults,  is  in- 
effective, since  the  volt-ampere  capacity  must  be  so  increased,  as 
to  offset  any  hoped  for  gains  due  to  reduction  of  iron  in  the  core. 
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The  form  shown  in  Pig.  8,  is  merely  the  combination  of  a  main 
and  auxiliary  switch,  the  auxiliary  contacts  when  opened  separa- 
ting the  conductor  members  from  each  other.  This  isolation  of 
the  conductor  members  from  each  other  is,  in  effect,  equivalent 
to  the  introduction  of  infinite  impedance  into  one  path  to  an  end- 
fatdt,  when  the  opening  occurs  as  a  restdt  of  such  a  fault.  If  the 
opening  is  due  to  regular  switching,  the  members  are  merely 
simultaneously  disconnected  from  the  bus  at  that  end. 

As  before  stated,  the  selection  of  end-impedance  devices  should 
be  made  with  several  considerations  in  mind. 

From  the  standpoint  of  strength  of  design,  the  balance  appears 
to  be  in  favor  of  the  reactive  type,  since  it  has  no  moving  or 
wearing  parts  requiring  adjustment  or  renewal. 

The  space  requirement  usually  is  a  local  consideration.  Amer- 
ican practise  in  line  cell  construction,  however,  seems  to  favor 
the  reactive  type,  as  the  reactors  in  most  cases  may  be  installed 
in  what  would  otherwise  be  unused  space.  The  additional  space 
required  for  split-contact  switches  usually  is  more  difficult  to 
obtain. 

The  reactive  type,  in  some  forms,  admittedly  has  some  effect 
upon  voltage  regulation.  In  any  form  the  effect  is  not  serious, 
particularly  when  we  consider  the  growing  use  of  current  limit- 
ing reactors.  The  form  shown  in  Fig.  5,  in  the  capacities  used 
by  the  Boston  company,  has  about  the  same  effect  upon  regula- 
tion as  would  a  one  per  cent  feeder  reactor.  The  reactive  form 
shown  in  Fig.  7,  as  well  as  the  split-contact  type  shown  in  Fig. 
8,  has  no  effect  upon  regulation. 

The  relative  effect  of  the  two  tjrpes  of  end  impedances  upon 
switch  gear  design,  is  of  great  importance.  It  is  obvious  that 
standard  types  of  switches  are  adequate  with  reactive  schemes  of 
end  protection;  no  departure  from  standard  practise  or  design 
is  necessary.  The  non-reactive  type  however,  as  embodied  in 
the  split-contact  switch,  requires  a  special  design  of  switch. 
For  small  capacities  this  may  not  be  a  serious  matter.  For 
the  large  capacities,  such  as  are  common  in  American  practise,  a 
serious  factor  is  introduced,  i.  e,,  the  necessity  of  designing  the 
three-point  or  split-contact  switches,  so  that  all  three  breaks  per 
pole  have  the  same  breaking  capacity.  This  means  that  if  a 
switch  is  of  a  type  requiring  two  pots  per  pole  for  standard  work, 
it  will  require  an  additional  pot  of  equal  capacity  in  order  to 
convert  it  into  a  split-contact  switch. 

It  may  be  thought  that  since  the  so-called  split-contacts  each 
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carry  only  half  the  full  line  current,  each  might  be  designed  for 
half  duty,  when  compared  with  the  third  or  so-called  non-split 
contact.  This  assumption  may  be  correct  if  the  breaking  of 
through  current  only  is  considered.  If  we  assume  a  case  when 
this  type  of  switch  is  called  upon  to  perform  a  dual  duty,  such 
as  clearing  an  end  fault,  it  can  be  shown  that  one  of  the  split- 
contact  breaks  may  have  a  duty  exceeding  that  of  the  main  or 
non-split-contact  break. 

Three-point  or  split-contact  switches  must  be  so  designed  that 
when  being  closed  both  conductor  members  shall  be  connected 
together  before  either  one  of  them  is  connected  to  the  bus.  This 
must  be  assured,  for  if  by  chance  one  of  them  should  be  closed 
on  a  bus  before  the  other,  the  instantaneous  current  flow  through 
one  conductor  member  only,  will  result  in  the  simtdtaneous 
opening  of  the  switches  at  both  ends.  In  order  to  prevent  such 
an  occurrence,  the  relative  position  of  the  contacts  and  yoke  or 
blades  is  made  such,  that  the  split-contacts  will  be  connected 
together  just  prior  to  their  joint  connection  to  the  bus  or  non- 
split-contact.  The  time  interval  between  the  two  closures 
must  be  extremely  short,  in  order  to  make  the  switch  as  eflEective 
as  possible  when  rupturing  current,  since  in  opening,  it  is  of  great 
importance  that  all  breaks  per  pole  occur  as  nearly  simtdtan- 
eously  as  possible,  in  order  to  divide  the  breaking  duty  equally. 

When  a  three-point  switch  operates  on  an  end  fault,  the  first 
break  takes  place  at  the  main  or  non-split  contact,  closely  fol- 
lowed by  a  break  at  the  split-contacts.  One  of  the  split-contact 
breaks  handles  the  component  of  the  fault  current  flowing  over 
the  corresponding  conductor  member.  The  other  split-contact 
break  must  handle  the  same  component,  plus  any  current  flow- 
ing to  the  fault  from  the  bus  at  the  fault  end  of  the  line  via  the 
main  break.  The  third  or  non-split  contact  break  handles  only 
the  current  flowing  to  the  fault  from  the  last  mentioned  bus. 
Thus  it  will  be  seen  that  one  of  the  split-contact  breaks  may 
have  a  far  greater  duty  to  perform  than  any  other. 

Close  analysis  of  the  relative  effect  of  the  two  types  of  end- 
impedances  upon  switch  gear  and  switchboard  design  seems  to 
indicate  the  superiority  of  the  reactive  form  of  end-impedances. 

It  has  been  claimed  that  the  split-contact  switch  provides  for 
more  sensitive  control,  by  virtue  of  its  function  of  inserting  in- 
finite impedance  into  one  path  to  an  end-fault,  thereby  con- 
centrating the  fault  current  in  one  path  only,  at  the  end  remote 
from  the  fault,  thus  creating  at  that  end  a  greater  tripping 
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differential  current  than  would  be  obtained  if  reactive  impedance 
devices  of  permissible  size  were  used.  This  advantage  is  real 
only  in  a  limited  degree,  and  only  if  the  fault  current  is  so  small, 
that  when  it  is  divided  between  the  two  paths  to  the  fault,  as 
must  be  the  case  if  reactive  end-impedances  are  used,  the  differen- 
tial current  is  less  than  that  required  to  operate  the  relay.  Such 
small  fault  currents  are  encountered  only  when  the  fault  is  one 
to  earth,  in  a  system  having  small  capacitance  to  earth.  In  such 
systems  the  use  of  the  split-contact  switch  may  be  justified, 
particularly  as  such  a  system  will  ordinarily  be  of  small  mag- 
nitude. In  systems  of  large  magnitude,  the  cable  systems  also 
are  usually  extensive,  and  fault  currents  to  earth  are  ample  to 
insure  tripping  differential  current  with  reactive  end-impedance 
devices  of  reasonable  size,  even  if  the  system  is  operated  with  an 
isolated  neutral.  Whenever  the  system  is  of  such  size  or  type  as 
to  justify  the  use  of  reactive  end-impedance  devices ,  disconnec- 
tion of  lines  under  end-fault  conditions  is  effected  more  rapidly 
with  such  devices  than  would  be  the  case  with  split-contact 
switches,  since  tripping  differential  currents  are  set  up  simulta- 
neously at  each  end.  With  split-contact  switches,  a  tripping 
current  differential  exists  at  the  fault  end,  only,  until  the  opera- 
tion of  the  switch  at  the  fault  end,  effects  the  introduction  of 
impedance  and  the  setting  up  of  a  tripping  current  differential 
at  the  opposite  end  of  the  line. 

On  the  whole,  it  would  therefore  appear,  that  considering  tic 
rapidity  of  action,  at  least  on  large  systems,  the  reactive  form  of 
end-impedance  device  has  a  distinct  advantage  over  the  non- 
reactive  type. 

The  matter  of  relative  cost  of  the  two  types  is  at  present  un- 
settled, as  the  development  in  this  country  has  proceeded  along 
reactive  lines.  It  is  believed,  however,  that  taking  all  features 
into  consideration,  the  cost  differential  will  be  in  favor  of  the 
reactive  type. 

In  order  to  check  the  soundness  of  our  conclusions  as  to  end- 
impedance  devices,  it  has  been  thought  advisable  to  secure  some 
actual  operating  experience  with  the  more  promising  forms.  As 
a  result,  we  have  placed  in  operation  during  the  past  two  years 
two  installations  of  the  split-contact  type  of  end-impedance, 
Fig.  8,  also  we  have  on  order  for  installation  during  the  current 
year,  two  installations  of  the  differential  type  of  end-impedance. 
Fig.  7. 
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Balanced  Protection  for  Ordinary  or 
Independent  Conductors 

While  the  experience  of  the  Boston  company  in  the  balanced 
protection  of  paired  ordinary  conductors  has  not  been  extensive, 
the  work  to  date  has  been  of  great  importance  in  establishing  a 
basis  for  future  practise.  It  is  believed,  therefore,  that  a  few 
references  to  this  phase  of  the  subject  are  permissible  at  this 
time. 

As  it  is  obvious  that  there  is  no  material  difference  in  opera- 
ting principle  between  the  older  and  well  known  arrangement  of 
paired  independent  conductors,  and  the  so-called  split-conductor 
scheme,  any  choice  between  the  two  arrangements  tends  to  be  an 
economic  one.  It  is  incorrect,  as  is  sometimes  done,  to  refer  to 
the  earlier  method  as  a  combination  of  ordinary  conductors  on 
the  "split-conductor  plan",  since  such  arrangements  were  pro- 
posed many  years  previous  to  the  split-conductor  suggestion. 

In  general  the  protective  apparatus  already  described  is 
applicable  to  any  combination  of  paired  conductors,  but  when 
the  paired  conductors  are  situated  each  in  different  cables  or 
lines,  they  are  each  insulated  for  the  primary  voltage  of  the 
system,  and  are,  therefore,  independently  suitable  for  operation 
if  for  any  reason  the  companion  conductor  is  out  of  service.  It 
follows,  therefore,  with  any  arrangement  of  paired  conductors, 
other  than  actual  split-conductors,  that  each  of  the  paired  conduc- 
tors ought  to  and  usually  does  have  its  own  switches  independent 
of  those  for  its  parallel  associate.  The  use  of  individual  switches 
for  each  conductor,  moreover,  results  in  a  combination  equiva- 
lent in  most  respects  to  the  split-conductor  arrangement,  em- 
ploying split-contact  switches  in  place  of  end-impedances  or 
reactances,  so  that  end-faults  are  adequately  provided  for. 

With  a  paired  independent  conductor  line,  it  is  not  possible  to 
secure  and  maintain  the  degree  of  balance  inherent  to  a  split- 
conductor  line,  for  even  were  it  possible  to  start  out  with  a  fair 
balance,  conditions  local  to  one  conductor  or  the  other  would  soon 
affect  the  balance  to  a  considerable  degree;  for  example,  should 
one  line  of  a  pair  be  out  for  repair  and  the  other  remain  in  service, 
it  is  obvious  that  when  put  in  parallel  again,  the  difference  in 
conductor  temperature,  which  might  then  exist,  would  be  the 
cause  of  a  material  impedance  differential.  If  a  through  short 
circuit  should  occur  under  such  circumstances,  the  normal 
differential  current  would  attain  a  very  high  value. 

It  is  frequently  desirable  to  consider  paralleling,  with  balanced 
protection,  conductors  which  differ  materially  in  length,  cross 
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section,  or  reactance.  In  such  cases  it  is  impossible  to  operate 
without  correspondingly  large  normal  differential  currents.  Since 
the  end  fault  condition  in  such  lines  will  be  cared  for  by  the  in- 
dependent switches  for  each  conductor,  the  remaining  necessity 
is  that  of  compensating  for  the  large  normal  differential  currents 
set  up  by  through  short  circuits,  and  with  the  same  devices  pro- 
vide for  selective  disconnection,  should  faults  occur  that  result 
in  differential  currents  materially  smaller  than  those  due  to 
through  currents  of  maximum  values. 

If  the  ordinary  type  of  overload  relay  is  used  in  this  class  of 
balanced  protection,  the  settings  might  need  to  be  so  high  as  to 
preclude  operation  on  section  faults,  or  in  any  event  to  prevent 
obtaining  the  maximum  benefit  of  balanced  protection. 


Fig.  9 

In  order  to  obviate  the  necessity  of  the  high  relay  settings 
referred  to,  and  at  the  same  time  to  insure  non-operation  on 
through  short  circuits,  relays  have  been  developed  both  in  this 
country  and  abroad,  variously  called,  "biased  relays",  "per- 
centage-balance relays",  and  "ratio-balance  relays". 

We  have  experimented  for  nearly  four  years  with  ratio-balance 
relays  in  the  forms  shown  in  Figs.  9  and  10.  One  pair  of  cables 
has  been  equipped  with  the  form  shown  in  Fig.  9,  and  has  been 
in  operation  for  over  three  years.  In  all  cases  of  actual  trouble, 
as  well  as  under  artificial  fault  conditions,  the  relays  have  func- 
tioned as  predicted.  While  in  the  case  of  a  single  pair  of  lines, 
both  are  disconnected  upon  the  occurrence  of  a  fault  in  one,  the 
other  may  be  immediately  put  to  work  with  straight  instantane- 
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ous  overload  protection,  since  the  relays  may  be  arranged  to  so 
function  for  either  line,  when  the  companion  line  is  out  of  service. 

The  form  shown  in  Fig.  10  is  particularly  well  adapted  for  use 
with  groups  of  three  or  more  parallel  lines,  in  which  case  the 
relays  may  be  electrically  interlocked,  so  that  the  faulty  line 
only  is  disconnected.  When  so  applied,  all  the  discriminative 
features  of  balanced  current  protection  may  be  secured  without 
the  use  of  pilot  wires,  special  cables,  reactors,  or  split-contact 
switches. 

The  relays  shown  in  Figs.  9  and  10  are  so  constructed,  that 
the  restraining  force  is  proportional  to  the  vector  su^  of  two 
compared  currents,  and  the  operating  force  is  proportional  to  the 


Fig.  10 


vector  difference  between  the  compared  currents.  With  proper 
winding  ratios,  the  restraining  effect  will  predominate  until  the 
normal  relation  between  the  compared  currents  is  altered,  due 
to  a  fault  involving  one  of  the  conductors,  to  such  an  extent  as 
to  cause  the  ratio  between  the  vector  sum  and  vector  difference 
of  the  compared  currents,  to  exceed  a  predetermined  limit. 
After  this  limit  is  reached,  the  operating  force  becomes  pre- 
dominative  and  the  relay  operates  to  disconnect  the  faulty  con- 
ductor. 

In  order  to  choose  the  proper  winding  ratio  for  ratio-balance 
relays,  it  is  necessary  to  know  what  the  normal  differential 
current  will  be  under  extreme  conditions,  and  the  percentage 
it  bears  to  the  simultaneous  vector  stmi  of  the  compared  currents. 
Once  adjusted  for  this  normal  relation,  they  cannot  operate  on 


Digitized  by  V^OOQIC 


776 


COLE:  SPLII-CONDUCrOR  CABLES 


[June  26 


any  value  of  through  current,  since  the  restraining  force  will 
then  always  be  in  excess  of  the  operating  force. 

It  is  expected  that  upon  the  return  of  more  normal  conditions, 
further  progress  will  be  made  in  the  application  of  ratio-balance 
protection  to  many  of  our  standard  transmission  lines,  by  means 
of  the  devices  described,  or  that  may  hereafter  become  available. 

Schedule  of  Split-conductor  Cable  Installations 
The  following  table  shows  the  installations  of  split-conductor 
cable  now  included  in  the  Boston  Edison  Company  system: 


Date  placed 

Line  No. 

Length  in  feet 

Size 

Voltage 

in  service 

34-82 

32.032 

3x4/0 

15.000 

^  4-13 

31-76 

24.054 

3x1/0 

25.000 

8-31-14 

26-76 

29.273 

3x.l0  sq.  in. 

25.000 

1-10-15 

26-77 

29.305 

Sx.lOsq.  in. 

26,000 

5-16-15 

47-76 

41.478 

3x4/0 

15,000 

11-14-15 

47-76 

41.478 

3x4/0 

15,000 

11-30-15 

31-77 

24,069 

Sx.lOsq.  in. 

25.000 

5-2  -16 

16-99 

7,599 

3x4/0 

15.000 

.      a-25-16 

•  49-98 

4.742 

3x4/0 

16.000 

9-10-16 

♦   49-95 

4,742 

3x4/0 

15.000 

11-  4-16 

t   23-75 

23,652 

3x3/0 

26.000 

11-26-16 

t   23-76 

23.652 

3x3/0 

26.000 

11-26-16 

54-99 

33,488 

3x4/0 

16.000 

4-  7-17 

•  43-59 

32.205 

3x3/0 

25.000 

4-  1-17 

t     8-63 

6.510 

3x4/0 

16.000 

7-  &-17 

X     8-54 

6.510 

3x4/0 

16.000 

7     8-17 

t   30-87 

9,439 

3x4/0 

15.000 

7-15-17 

t  30-96 

9,436 

3x4/0 

16.000 

7-15-17 

49-51 

24.889 

3x4/0 

15.000 

8-12  17 

39-51 

23.480 

3x4/0 

16,000 

8-12-17 

51-69 

8.789 

3x4/0 

15.000 

10-21-17 

•   57-69 

9,1S9 

3x4/0 

15.000 

ia-21-17 

♦     9-69 

6.926 

3x4/0 

15.000 

10-21-17 

52-77 

3,768 

3x4/0 

16.000 

10-21-17 

62-78 

3.772 

3x4/0 

15.000 

10  21-17 

t     8-87 

7.384 

3x4/0 

15.000 

11-18-17 

♦    58-80 

6.742 

3x4/0 

15.000 

11-18  17 

§  53-63 

7.754 

3x4/0 

15.000 

§  53-54 
§  63-70 

7,754 

3x4/0 

15.000 

3.516 

3x4/0 

15.000 

f  21-72 
§  21-73 

10.202 

3x4/0 

15.000 

10.202 

3x4/0 

16.000 

101-102 

50.044 

3x4/0 

16,000 

5-1-18 

101-103 

49.272 

3x4/0 

15.000 

5-1-18 

§101-104 

48.733 

3x4/0 

15.000 

§101-105 
§103-59 

48.691 

3x4/0 

15.000 

11,662 

3x3/0 

25.000 

§  20-59 

21.841 

3x3/0 

25.000 

♦Line  not  yet  operating  as  split-conductor  line. 
fLines  at  present  operating  in  series  with  standard  overhead  lines. 
tLines  at  present  operating  in  series  with  standard  conductor  cable. 
§Line8  under  conftmqtion  to  go  in  service  1918. 
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.    The  total  length  of  the  above  cables  is  747,590  ft.,  or  approx- 
imately 142  miles. 

Lines  26-77  and  31-77  are  connected  in  series  at  present  and 
operate  as  one  line,  which  is  protected  with  the  English  form  of 
split-contact  switch  gear,  Fig.  8.  Line  26-76  is  equipped  with 
a  modification  of  the  form  of  gear  shown  in  Fig.  6.  Lines  26-77 
and  31-77  are  to  be  separated  during  the  current  year  and  the 
new  terminals  are  to  be  protected  by  the  form  of  gear  shown  in 
Fig.  7,  the  opposite  terminals  remaining  as  before,  protected  with 
split-contact  switch  gear.  The  remaining  lines  are  protected,  or 
will  be  upon  their  completion  as  split-conductor  lines,  with  the 
form  of  gear  shown  in  Fig.  5. 

Results  op  Operation 

Not  including  the  preliminary  testing  of  lines  under  artificial 
fault  conditions,  to  determine  their  characteristics,  and  to  check 
the  theory  of  operation,  a  sufficient  ntunber  and  variety  of 
actual  faults  have  occurred  to  demonstrate  that  full  reliance  may 
be  placed  on  the  system  of  protection,  provided  the  fundamental 
requirements  are  met  in  its  design,  installation,  and  operation. 

Line  34-82  has  now  been  in  service  nearly  five  years  and  with 
the  possible  exception  of  one  case,  to  be  referred  to  later,  the 
balanced  protection  apparatus  in  connection  therewith  has  func- 
tioned in  accordance  with  theory,  each  time  the  line  has  been 
involved  in  a  fault,  or  when  subjected  to  the  stress  of  feeding 
through  short-circuit  current  to  faults  external  to  the  line.  This 
line  up  to  the  present  has  been  involved  in  one  secondary  fault 
(due  to  defective  stranding  of  the  outer  member  of  one  con- 
ductor), one  end  fault,  and  at  least  six  through  faults,  three  of 
which  were  bus  short  circuits  at  one  terminal  of  this  line. 

Line  47-75  has  been  in  service  about  two  and  one  half  years 
and  has  been  involved  in  one  fault,  a  primary  fault  in  a  joint, 
one  conductor  to  earth.  This  fault  created  so  little  disturbance 
that  the  station  operator  was  inclined  to  feel  doubtful  as  to  the 
need  of  the  switches  opening.  Tests  were  made  to  locate  the 
fault,  but  after  a  while  the  operators  concluded  that  none  existed, 
and  the  line  was  placed  back  in  service.  Outside  of  some  static 
discharges  of  small  volume  at  the  line  terminal,  which  soon 
ceased,  the  line  appeared  as  good  as  ever.  In  order  to  clear  up 
the  action  of  the  relays,  it  was  deemed  advisable  to  inspect  the 
line.  Men  were  sent  over  the  line,  opening  manholes  and  ex- 
amining the  cable  therein,  with  the  result  that  a  joint  was  found 
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with  a  hole  blown  through  the  lead  sleeve,  and  fresh  compound 
expelled  in  considerable  quantity.  The  line  was  then  promptly 
taken  out  of  service,  the  faulty  joint  opened,  whereupon  it  was 
found  that  one  conductor  had  broken  down  to  earth  (correspond- 
ing to  the  relays  that  operated),  but  the  fault  had  become  healed 
due  to  hot  compound  running  back  into  the  wound  after  the 
line  was  disconnected.  From  all  outward  appearance,  this  line 
probably  would  have  operated  for  years  in  its  then  condition. 
This  case  is  described  at  some  length,  as  such  an  occurrence  may 
have  been  the  cause  of  relays  operating  on  our  first  line.  No.  34-82, 
on  one  occasion  without  the  cause  ever  having  been  determined. 
Self  healing,  therefore,  may  be  expected.  This  experience,  con- 
firmed by  results  obtained  in  high  potential  testing,  teaches 
that  any  case  of  apparently  unnecessary  operation  should  be 
carefully  investigated  before  conclusions  are  drawn. 

Line  No.  31-77  has  been  in  service  about  two  years  and  has  been 
involved  in  two  faults.  The  first  fault  was  due  to  a  connector 
in  a  split-conductor  pothead  (English  Type)  becoming  loosened, 
thereby  increasing  the  impedance  of  one  of  the  current  paths 
and  setting  up  a  tripping  differential.  This  caused  several 
operations  of  the  protective  gear  at  each  end  before  a  diagnosis 
of  the  fault  was  made  by  our  operators.  The  second  fault  was 
due  to  mechanical  injury;  a  laborer  driving  a  pick  into  the  cable, 
grounding  one  conductor.  The  protective  gear,  (split-contact 
switch  type)  operating  in  the  expected  manner,  isolating  the 
line  at  both  terminals.  This  line  was  again  made  alive,  but  was 
automatically  disconnected  again,  since  the  fault  was  well 
established.  The  second  operation  resulted  in  breaking  down 
both  inner  and  outer  members  at  the  point  of  fault.  The  cable 
at  the  point  of  injury  was  laid  on  the  solid  system,  i.e,  armored, 
laid  directly  in  the  ground  and  covered  with  a  two-in.  (5.08-cm.) 
spruce  plank.  Repairs  were  effected  by  making  a  new  joint 
in  this  location. 

Line  No.  31-76  has  been  in  operation  for  nearly  four  years,  but 
on  account  of  defective  joints  and  some  dry  spots  in  the  secondary 
dielectric  which  were  eliminated  by  high-tension  tests,  it  was 
not  finally  accepted  until  about  three  years  after  installation. 
In  the  course  of  making  the  many  primary  high  potential  (50,000- 
volt)  tests,  the  secondary  dielectric  failed,  due  to  the  stresses 
set  up  therein  as  a  result  of  primary  failures,  at  four  or  five  of 
the  dry  spots,  also  in  two  cases  where  the  outer  member  was 
defective,  once  as  to  stranding  (crossed  strands)  and  once  where 


Digitized  by  VjOOQIC 


19181  COLE:  SPLIT^CONDUCTOR  CABLES  779 

a  strand  had  been  brazed.  This  line  could  not  be  kept  continu- 
ously out  of  service  for  testing,  however,  and  on  one  occasion  it 
was  put  back  in  service  with  the  positive  knowledge  that  an 
incipient  secondary  fault  due  to  the  testing  above  referred  to 
was  present  in  one  conductor.  No  cable  was  available  at  the 
time  to  replace  the  faulted  section,  and  as  the  fault  was  of  very 
high  resistance,  it  was  decided  to  assume  the  risk  of  operating 
the  line  with  balanced  protection.  This  proved  to  be  poor  judg- 
ment on  our  part,  since  this  fault  developed  in  service  to  such  an 
extent  as  to  cause  operation  of  the  protective  gear,  the  operation, 
of  course,  being  perfectly  normal  for  this  type  of  fault.  Un- 
fortunately it  occtured  simultaneously  with  one  of  the  outages  of 
line  No.  31-77  described  above  with  which  it  was  ring  connected, 
and  thereby  contributed  to  an  interruption  of  service.  It  was 
also  unfortunate  in  this  case  that  the  first  mentioned  fault  in 
line  No.  31-77  had  not  been  diagnosed  and  remedied  at  an  earlier 
date.  Such  experiences,  however,  are  of  great  importance  as 
affecting  future  operating  practise. 

Line  No.  64-99  was  placed  in  service  April  7,  1917  and  within 
a  few  weeks  afterward  broke  down  between  main  conductors,  re- 
sulting in  its  disconnection  by  the  balancing  gear.  This  fault 
occurred  about  one  and  one  half  miles  from  the  power  house. 
No  disturbance  was  noticed  when  it  was  disconnected.  Relays 
operated  on  two  of  the  conductors,  normally  indicating  a  short 
between  them.  The  operators  put  the  line  back  again,  however, 
and  it  ran  about  three  minutes  when  it  came  out  again,  the  same 
relays  operating  as  before.  The  line  was  again  made  alive  from 
a  separate  bus  and  generator  at  somewhat  higher  pressure  than 
the  system  pressure,  and  remained  in  for  four  minutes,  coming 
out  for  the  third  time  upon  the  operation  of  the  same  two  relays. 
This  appeared  to  satisfy  the  operator  that  the  line  was  faulty. 
The  fault  was  located  and  removed,  and  was  found  to  be  due  to  a 
breakdown  between  the  two  phase  wires  corresponding  to  the  two 
relays  that  operated  in  each  of  the  three  cases  of  disconnection. 
Since  a  short  circuit  of  similar  type  and  location,  on  a  feeder 
protected  with  overload  relays  with  as  short  a  setting  as  one  half 
second,  usually  makes  itself  known  in  a  more  or  less  violent  man- 
ner, the  performance  of  the  protective  devices  on  this  line  appears 
to  be  a  substantial  tribute  to  the  efficacy  of  the  balanced  method 
of  protection.  In  this  case,  it  appears  that  each  disconnection  of 
the  line  was  so  rapid  that  the  fault  cturent  built  up  to  a  value 
not  materially  greater  than  sufficient  to  create  a  tripping  differen- 
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tial,  and  as  soon  as  disconnection  occurred  the.  puncture  healed 
up,  due  to  the  hot  cable  compound  flowing  into  the  wound.  Un- 
doubtedly enough  carbon  was  suspended  in  the  puncture  path 
to  gradually  line  up  and  bridge  between  phases,  thus  causing  the 
second  and  third  disconnection.  It  is  a  question  how  long  this 
process  could  have  been  continued,  but  it  would  seem  that  two 
disconnections  with  the  same  relay  operation  in  each  case  would 
have  been  conclusive  evidence  that  a  fault  did  in  fact  exist. 
Operators  will  undoubtedly  require  considerable  experience  in 
order  to  become  convinced  that  quiet  disconnection  of  trans- 
mission cables  equipped  with  balanced  protection  is  sufficient 
evidence  of  line  failure. 

As  before  stated,  some  trouble  has  been  experienced  by  the 
manufacturers  in  getting  perfect  saturation  of  the  secondary 
dielectric.  In  the  case  of  the  above  mentioned  primary  fault 
in  line  No.  54-99,  the  condition  of  the  secondary  dielectric  was  not 
checked  prior  to  putting  the  line  back  in  service  after. repair,  as 
is  now  our  practise.  It  was  soon  found  that  one  of  the  con- 
ductors involved  in  the  primary  fault  had  a  secondary  fault 
which  resulted  in  the  protective  gear  again  operating.  This 
secondary  fault  was  located  and  removed,  and  was  found  to  be 
due  to  defective  stranding  of  the  outer  conductor  member.  The 
continued  attempts  to  operate  under  the  main  fault  .condition 
stressed  this  defective  point  severely,  and  to  an  amount  in  excess 
of  the  stresses  caused  by  the  factory  or  installed  test.  It  is  signifi- 
cant that  this  secondary  fault,  as  well  as  the  two  others  (three 
in  all)  occurring  in  service  to  date,  were  located  in  defective  con- 
struction, which  permits  of  the  reasonable  assumption  that  none 
would  have  occurred  if  the  construction  had  been  perfect,  and 
also  that  the  values  of  secondary  dielectric  chosen  for  our  service, 
are  ample  if  properly  incorporated  in  the  construction. 

It  is  perhaps  unfortunate,  but  nevertheless  unavoidable,  that 
so  much  time  is  required  to  obtain  extensive  operating  experience. 
It  is  obvious,  however,  that  new  cables  are  not  expected  to  fail 
soon  after  having  been  carefully  installed  and  tested. 
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APPENDIX 

BY  COMFORT  A.  ADAMS 

The  purpose  of  this  appendix  is  to  show  the  relative  amounts 
of  reactance  required  tc  produce  a  given  current  differential  in 
the  three  arrangements  shown  in  Figs.  5,  6  and  7,  under  end-fault 
coijditions,  since  it  is  only  under  these  conditions  that  reactance 
is  required. 

•In  order  to  simplify  the  final  general  analysis  assume  that  the 
added  reactance  has  in  each  case  a  constant  value.  The  effect 
of  saturation  will  be  considered  later. 

Let  X  equal  the  value  of  a  single  leactance  in  the  arrange- 
ments of  Figs.  5  and  6,  and  cf  the  series  or  round-the-end  re- 
actance of  one  of  the  differential  reactors  of  Fig.  7. 

Assume  that  the  switch  at  the  fault  end  has  opened — 

Let  Ji  be  the  current  from  the  far  end  to  the  fault,  by  the 
longer  path,  U  that  by  the  shorter  path,  both  counted  positive 
in  the  same  direction  from  supply  end  to  fault  end,  and 
/  =  Ji  -f-  /» the  total  fault  current. 

Let  f  1  =  the  resistance  of  a  single  conductor  member. 

Let  Xi  —  the  combined  reactance  of  the  two  conductor  mem- 
bers considered  as  a  single  conductor,  in  which  the  current  is 
the  vector  sum  of  the  two  currents  in  the  two  members.  This 
is  sufficiently  accurate  for  all  practical  purposes. 

Arrangement  of  Fig,  5.  Equating  the  potential  drops  from 
supply  to  faults  by  the  two  paths  gives 

l\ri+2jxh+jx,{h  +  h)  =  /,fi+jxi(/i-h  it) 
/i(ri  +  2jx)  =  Uri 
h   =    n  +  2jy 

-? r-^  =  -r  =    — n — ^    where  Id  is  the  differential  cur- 
ia +  /i         /  ri+jx 

rent. 

Or  in  niunerical  values  — 

qd  =   —====r  where  id  is  the  per  cent  differential 


current, 
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X 

Let  =  q»  then 

q^  --    -_-gi--__  Qj  for  a  given  g^  the  necessary  g*  is 


^.=     -7^=^  (1) 


Arrangement  of  Fig.  6.    Equating  potential  drops  to  fault  as 
before  — 


/ifi  +  3j*/i  +j«j/  =  /i 

fi  +jx  I, 

+  jx^ 

7 

/i( 

ri  +  3j*)  =  7,(riXi*) 

/; 

ri  +  3i« 

/i 

fi  +  i  « 

• 

-  I\       U               jx 

/. 

+  I\         i         r,  +  2j  X 

Or 

in  numerical  values  — 

U 

X 

9> 

I 
n. 

VI  +4. 

?.» 

V  1  -  4  ff/ 

For  purposes  of  comparison  with  Fig.  5  this  result  must  be 
multiplied  by  two  since  there  are  twice  as  many  reactors  in  this 
case.  The  relative  magnitude  of  the  reactance  required  will 
then  be  — 

Arrangement  of  Fig.  7.  Equating  the  potential  drops  to  fault 
as  before 

/i  ri+j^  (ii  -  /»)  +  j  xi  I  +  j  X  Ii 


/;(n  +  |i*)=A(rx    +\jx) 
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/,  +  A  "  /       2  (f  1  +  j  x) 
Numerically 

Id    ^^    ^  ^  ^  g* 

I  2  V  f  i«  +  3c»      2  VT+T.' 

or,  for  a  given  per  cent  differential  current. 
2grf 


V  1  -  4  (Zi* 


(8) 


Conclusion.  Referring  to  equations  (1),  (2)  and  (3)  it  appears 
that,  for  the  same  per  cent  differential  current,  the  arrangements 
shown  in  Figs.  6  and  7  require  the  same  total  reactance,  and  in 
each  case  slightly  more  than  double  that  required  by  the  arrange- 
ment of  Fig.  5. 

As  between  Figs.  6  and  7,  the  latter  has  the  advantage,  since 
although  the  total  reactance  is  the  same,  it  is  in  two  units  for 
Fig.  7  against  four  units  for  Fig.  6,  which  will  cost  less  and  take 
up  less  space. 

Since  q^  and  qd  are  so  nearly  equal  within  normal  range  of 
values,  these  formulas  supply  a  simple  and  convenient  method 
of  computing  the  approximate  per  cent  reactance  necessary  for 
any  particular  differential  current.  For  example,  if  qd  — 
0.20  =  gjc(approx.)  (Fig.  5),  and  the  normal ohmic drop  on  the 
line  inquestion  is  0.05,  the  full-load  reactive  drop  due  to  the 
reactors  will  be  0.20  X  0.05  =  0.01  or  1  per  cent  of  the  line  voltage. 
This  is  an  outside  figure. 

For  the  case  of  Fig.  6,  this  will  be  twice  as  great  or  two  per  cent. 

In  the  case  of  Fig.  7,  the  reactors  offer  no  appreciable  reactance 
under  through  conditions. 

Saturation  of  Reactor  Cores.  The  effect  of  the  core  saturation 
is'to  reduce  the  reactance  of  each  reactor  and  also  to  distort  the 
voltage  drop  across  each  reactor. 

The  reduction  of  reactance  works  differently  in  the  three 
cases.  In  Fig.  5  it  reduces  the  differential  current  in  almost  the 
same  proportion;  but  in  Figs.  6  and  7  the  differential  current  is 
still  further  reduced  by  the  fact  that  the  reactance  in  the  short- 
path  to  ground,  which  is  undesirable  as  it  reduces  the  current 
differential,  is  reduced  less  than  that  in  the  long  path  to  giound, 
since  its  core  is  less  saturated.  This  difference  is  however  not 
considerable  although,  as  far  as  it  goes,  it  inci eases  the  advan- 
tages of  the  arrangement  shown  in  Fig.  5. 
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Since  the  reactance  of  the  reactors  absorbs  such  a  small  part 
of  the  voltage  of  the  system,  the  saturation  of  the  reactor  cores 
does  not  influence  the  current  wave  shape  appreciably  but  does 
seriously  influence  the  wave  shape  of  the  voltage  drop  across 
each  leactor.  The  flux  wave  is  flat  topped  and  the  voltage 
wave  very  peaked  under  conditions  of  core-saturation. 

Under  fault  conditions  this  distortion  results  in  very  high- 
frequency  harmcnic  voltages  between  splits  or  conductor 
members,  which  in  turn  produce  high-frequency  charging  ciu^- 
rents  between  conductor  members,  which  in  part  reduces  the 
voltage  distortion  by  supplying  harmonic  exciting  currents  for 
the  reactors. 

This  voltage  distortion  and  consequent  danger  of  breakdown 
of  the  secondary  insulation  will  be  approximately  twice  as  great 
for  Figs.  6  and  7  as  for  Fig.  5. 

Under  normal  conditions  this  phenomenon  appears  to  some 
extent  in  Fig.  5,  but  the  currents  are  not  large  enough  to  approach 
the  danger  point. 

These  distortion  effects  can  be  considerably  reduced  by  the 
employment  of  a  gap  in  the  magnetic  circuit  of  the  reactors. 
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Discussion  on    "Split-Conductor   Cable — Balanced   Pro- 
tection" (Cole),  Atlantic  City,  N.  J.,  June  26,  1918. 

John  B.  Taylor:  What  is  the  practise  of  this  company  as  re- 
gards grounding  the  neutral,  which  would  determine  the  extent 
of  the  unbalancing  on  the  usual  cable  fault?  That  is,  how  much 
earth  resistance,  how  much  limited  current,  may  there  be  on  the 
system? 

W.  H.  Cole:  Replying  to  Mr.  Taylor's  question  as  to  the 
grounding  of  the  neutral,  our  15,0(J0-volt  system  neutral  is 
grounded  through  an  8-ohm  resistance,  which  limits  the  short- 
circuit  ctuTent  in  the  case  of  fault  to  earth  to  a  maximum  value 
approximating  1000  amperes. 

The  setting  of  the  relays  used  with  split-conductor  cables 
depends  upon  what  value  of  current  we  are  willing  to  allow  to 
develop  before  the  relays  can  operate.  Our  split-conductor 
relays  are  standardized  on  the  basis  of  operation  at  values  of 
fault  current  not  to  exceed  100  per  cent  full  line  current  when  the 
fault  is  located  near  one  end  of  a  line,  or  in  the  most  unfavorable 
position  to  create  a  tripping  differential  current.  Under  such 
conditions,  the  tripping  differential  current  at  the  opposite  end 
of  the  line  will  be  equal  to  about  10  per  cent  of  the  fault  current, 
or  20  amperes  with  a  fault  ciurent  of  200  amperes.  The  extent 
of  current  unbalance  in  a  split-conductor  line,  due  to  a  fault 
therein,  is  affected  more  by  the  position  of  the  fault  with  refer- 
ence to  the  length  of  the  line,  than  by  the  value  of  the  fault 
ciurent,  the  unbalancing  being  greater  the  nearer  the  fault  is  to 
the  centre  of  the  line.  It  is  also  true  that  a  certain  minimum 
value  of  fault  current  must  flow  in  any  case  to  produce  the  re- 
quired tripping  differential  current  at  both  ends  of  a  split-con- 
ductor line. 

W.  A.  Del  Mar:  I  would  like  to  know  whether  the  extra 
layer  of  insulation  which  is  between  the  two  conductors  has  any 
appreciable  effect  on  the  carrying  capacity  of  the  cables? 

W.  H.  Cole:  We  really  know  little  about  it.  We  believe, 
however,  that  we  need  not  rate  a  split-conductor  cable  any 
lower  than  a  standard  cable  of  equivalent  conductor  cross- 
section,  particularly  as  such  a  split-conductor  cable  will  ordi- 
narily have  a  larger  outside  diameter.  I  believe  Mr.  Meyer  of 
the  Public  Service  Electric  Company  has  had  experience  which 
has  enabled  him  to  draw  some  conclusions  with  respect  to  the 
relative  canying  capacity  of  the  two  types  of  cable  under  dis- 
cussion. 

Paul  M.  Lincoln:  We  have  all  been  faced  of  late  years  with 
the  importance  of  operating  systems  in  parallel  in  order  to  take 
advantage  of  diversity  factor.  As  soon  as  we  begin  to  connect 
systems  in  parallel,  it  becomes  all  the  more  essential  that  faults 
of  cables  and  other  parts  of  the  system  shall  be  eliminated  as 
soon  as  they  occur,  and  this  method  outlined  here  of  eliminating 
these  faults  as  soon  as  they  occur  is,  I  think,  one  of  the  most 
promising  that  has  been  suggested.     It  is  a  method  which  is 
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bound  to  come  into  tise  more  and  more,  as  its  advantages  are 
understood. 

I  would  like  to  ask  how  much  more  it  costs  to  install  cables  on 
the  split-conductor  plan  than  if  the  cables  were  installed  on  the 
straight  single-conductor  plan?  I  do  not  believe  that  the  cost 
is  a  great  deal  more,  but  if  Mr.  Cole  can  give  us  any  specific 
figures  on  the  difference  in  cost,  I  think  it  woiild  be  of  interest 
to  all  of  us. 

W,  H,  Cole:  In  reply  to  Mr.  Lincoln's  question  as  to  costs, 
I  dislike  to  discuss  the  matter  of  relative  costs  of  standard 
conductor  and  split-conductor  cables,  for  the  very  obvious 
reason  that  until  the  demand  for  a  new  article  of  mantifacture 
is  well  established,  it  is  more  or  less  special  and  is  subject  to 
comparatively  heavy  development  charges. 

A  prominent  manufacturer's  cable  engineer  has  informed 
me  that  in  his  opinion  a  3-conductor  4/0,  15,000-volt,  paper- 
insulated  cable  such  as  is  extensively  used  by  our  company 
ought  not  to  cost  much  above  7  per  cent  in  excess  of  the  cost  of 
a  standard  conductor  cable  of  equivalent  capacity.  This  figure 
was  quoted  when  cable  of  the  capacity  referred  to  was  selling  for 
approximately  $1.00  per  foot. 

Against  the  excess  cost  of  a  split-conductor  cable,  we  compared 
the  cost  of  pilot  cables  required  with  the  input-output  method 
of  balanced  protection,  such  pilot  cables  costing  approximately 
10  cents  per  foot  exclusive  of  the  cost  of  duct  space  required  by 
them.  Including  the  cost  of  duct  space  for  the  pilot  cables 
which  will  run  from  ten  to  fifty  or  more  cents  per  foot,  depending 
upon  the  number  of  such  cables  installed  in  one  duct,  we  felt 
that  the  split-conductor  cable  had  a  better  basis  for  considera- 
tion in  any  scheme  of  balanced  protection  for  new  lines. 

In  the  manufacture  of  split-conductor  cable  there  is  one  more 
stranding  and  one  more  insulating  operation.  Some  difficulty 
has  been  experienced  in  saturating  the  secondary  insulation  in 
paper-insulated  cables.  I  am  quite  sure  that  manufactiu^ers 
will  soon  be  able  to  supply  the  demand  for  split-conductor 
cables  and  at  such  a  price  that  no  engineer  will  feel  that  he  is 
paying  an  unreasonable  price  for  the  sake  of  having  balanced 
protection. 

The  excess  cost  of  installation  over  that  of  ordinary  conductor 
cables  is  principally  due  to  the  splicing  or  jointing,  as  jointing 
of  cables  is  of  such  a  nature  that  it  ordinarily  must  be  a  con- 
tinuous process  to  prevent  the  entrance  of  moisture.  It  has  not 
been  found  expedient  for  a  splicer  to  make  more  than  one  of  our 
standard  split-conductor  joints  in  a  working  day  of  eight  hours 
as  compared  with  two  joints  on  an  equivalent  ordinary  conduc- 
tor cable. 

Including  the  extra  cost  of  installation,  our  experience  indi- 
cates that  split-conductor  cable  costs  at  the  present  date  from 
10  per  cent  to  15  per  cent  more  than  the  ordinary  conductor  ty^. 

E.  B.  Meyer:  In  reference  to  the  question  of  carrying 
capacity,  I  think  that  Mr.  Cole  is  slightly  mistaken  in  the  state- 
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ment  he  made.  We  had  quite  some  difficulty  last  summer  in 
keeping  a  number  of  our  tie  feeders  in  operation.  Some  of 
these  were  of  the  split-conductor  type,  but  were  not  operating 
at  the  time  as  split-conductor  cables,  and  the  failures  due  to 
overheating  were  caused  primarily  by  the  peculiar  position  in 
which  the  cables  were  placed  in  the  duct,  and  the  way  it  was 
necessary  to  operate  them.  We  were  carrying  the  load  at  that 
time  at  a  high  load  factor,  and  so  I  am  not  prepared  to  say 
whether  the  carrying  capacity  of  the  split-conductor  cable  will 
be  reduced.  My  opinion  is  it  will  be  about  the  same  as  the 
solid-conductor  cable. 

R.  W.  Atkinson:  I  think  I  can  throw  some  light  on  the  ques- 
tion of  relative  carrying  capacity  of  split-conductor  and  ordinary 
cables.  The  difference  is  so  very  slight  that  a  theoretical  analy- 
sis is  more  direct  and  conclusive  than  would  be  the  result  of 
tests  imless  these  were  of  extended  nature;  therefore,  I  will  con- 
sider the  question  from  that  standpoint.  The  split-conductor 
cable  is  larger  than  the  ordinary,  both  in  conductor  surface  and 
outside  stuface;  therefore  the  same  number  of  watts  per  foot 
dissipated  will  produce  less  temperature  rise  of  sheath  above 
surroundings  and  less  temperature  rise  of  copper  above  sheath, 
than  in  the  case  of  the  ordinary  cable. 

This  takes  accotmt  only  of  the  main  insulation.  The  insula- 
tion between  members,  and  the  inner  member  itself  will  be 
somewhat  warmer  than  the  outer  member.  The  difference  is 
small  in  acttial  amount  and  is  unimportant  because  the  inner 
insulation  may  safely  be  subjected  to  somewhat  higher  tempera- 
ture than  the  outer.  When  these  different  considerations  are 
carefully  weighed,  it  is  found  that  the  difference  in  carrying 
capacity  of  the  two  types  of  cables  is  entirely  negligible,  fuUy 
justifying  the  practise  of  considering  them  equal. 

J.  R,  Craighead:  Mr.  Cole  says  it  is  practicable  to  arrange 
two  split-conductor  cables,  after  final  adjustment,  so  that  their 
impedance  differential  is  0.1  of  one  per  cent.  He  made  the 
statement  a  moment  ago  that  the  fault  current  was  usually  not 
over  200  amperes,  and  that  this,  corresponding  to  a  tripping 
current  of  20  amperes,  means  that  the  tripping  current  is  10 
per  cent  of  the  total  fault  current.  If  that  is  the  case,  what  is 
the  point  of  attempting  to  reduce  the  differential  to  as  low  a 
point  as  0.1  of  one  per  cent.  Applied  to  the  200  amperes,  a 
differential  of  0. 1  of  one  per  cent  would  mean  0. 2  of  an  ampere 
or  one  per  cent  of  the  tripping  current  of  the  relay. 

This  also  affects  the  design  of  the  balancing  transformer.  It 
is  possible  to  make  current  transformers  for  balancing  purposes 
to  practically  any  degree  of  perfection  of  balance  that  is  desirable, 
but  when  the  requirement  is  beyond  reasonable  figures,  or  such 
as  can  be  obtained  by  the  use  of  separate  coils  insulated  from 
one  another  by  simple  means,  the  expense  and  the  difficulty  of 
design  of  the  transformer  are  considerably  increased.  I  recently 
experimented  with  some  transformers,  in  which  a  part  of  the 
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requested  design  was  that  the  secondary  current  due  to  passing 
normal  primary  current  through  both  primary  windings  in 
opposite  directions  should  be  limited,  to  about  0.04  of  one  per 
cent  of  the  normal  secondary  current.  That  is  closer  than  0. 1 
of  one  per  cent. 

If  these  figures  are  necessary  we  should  know  why,  and  how 
far  they  are  necessary,  and  if  not,  it  would  be  well  to  know  about 
what  limit  can  be  practically  used  in  order  to  keep  design  down 
to  the  cheapest  and  smallest  practicable  sizes. 

Oliver  C.  Traver:  We  have  talked  about  relays  with  brains 
and  intelligence,  etc.,  and  I  think  that  this  is  the  time  to  feel 
that  we  have  a  relay  which  has  something  more  than  brains, 
this  is  a  device  which  has  entered  into  the  superhuman  class. 

I  was  told  a  short  while  ago  by  one  of  the  engineers  of  a  very 
large  operating  company,  that  if  they  could  operate  their  system 
in  parallel  they  would  be  able  to  save  a  million  dollars'  worth  of 
cable,  rather,  they  could  remove  from  the  system  a  million 
dollars'  worth  of  cable.  This  is  on  the  order  of  being  able  to 
pay  one  thousand  dollars  a  pole  for  relays  in  order  to  accomplish 
this.  That  particular  company  is  actually  working  toward  the 
accomplishment  of  this  vast  saving.  As  operating  companies 
begin  to  realize  the  importance  of  the  matter,  they  stop  expecting 
a  twenty-dollar  device  to  hold  a  thousand-dollar  position. 

The  shorter  the  run  of  cable,  and  the  fewer  cables  in  parallel, 
the  greater  will  the  split-conductor  method  appear  to  advantage. 
This  is  true  from  the  standpoints  of  both  first  cost  and  operation. 
The  longer  the  split-conductor  cable,  the  greater  will  be  the  extra 
price  paid  for  the  protection  of  the  line.  This  extra  price  must 
then  be  balanced  against  the  cost  of  the  relays  of  high  accuracy 
and  reliability,  which  are  now  available,  for  conditions  today  are 
different  from  **some  time  ago"  when  as  Mr.  Cole  suggests, 
**line  protection  devices,  which  function  with  respect  to  time,  to 
value  of  current,  or  to  direction  of  power  flow,  were, — exceedingly 
difficult,  and  frequently  impossible  to  adjust  and  maintain"  in 
proper  relation  one  to  another. 

Longer  lines  result  in  higher  impedances.  Higher  impedance 
puts  a  limit  on  fault  currents  such  that  a  relay 'can  more  easily 
distinguish  the  fault  on  which  it  should  fimction  from  the  one 
which  it  should  allow  to  pass. 

For  multiple  lines,  balanced  groups  of  relays  can  be  used  with 
greater  flexibility,  which  will  give  rapid  relief  from  a  fault.  The 
more  lines  in  multiple,  the  easier  the  problem  becomes. 

Although  two  standard  cables  are  more  expensive  than  one 
split-conductor  cable  for  the  same  total  ampere  capacity,  still 
it  is  also  legitimate  to  take  into  consideration  the  advantage  of 
having  one  workable  line  in  case  of  trouble  in  its  companion.  On 
the  other  hand,  two  standard  cables  are  less  costly  than  two 
split-conductor  cables  of  the  same  capacity.  So  where  two  or 
more  parallel  lines  are  involved,  cost  favors  the  use  of  balanced 
protection  for  these  lines,  rather  than  split-conductor  protection. 
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When  two  standard  cables  are  used,  standard  types  of  current 
transformers  which  also  carry  some  instrument  load  can  be  used 
in  place  of  the  differentially  wound  current  transformers  illus- 
trated in  Fig.  8  of  the  paper. 

A  similar  scheme  is  shown  in  Fig.  9  and  I  would  like  to  mention 
that  a  ''biased"  relay  is  available  to  select  the  switch  in  the 
line,  which  carries  the  greater  ciurent.  The  use  of  this  discrim- 
inating device  to  me,  seems  to  be  one  of  the  most  promising  of 
the  various  balanced-relay  schemes  for  parallel  line  protection. 

I  have  herein  suggested  some  preferable  alternatives  to  the 
use  of  split-conductor  cables  for  certain  cases.  This  is  not 
intended  to,  nor  should  it,  detract  from  the  importance  of  the 
work  done  by  Mr.  Cole,  for  I  believe  the  split-conductor  cable 
to  be  one  of  the  most  important  developments  in  selective  pro- 
tection in  some  time. 

If  one  after,  careful  investigation,  concludes  that  a  system  of 
protection  is  needed  for  any  line,  which  will  be  independent  in 
its  selective  action  of  any  other  part  of  the  system,  he  should' 
consider  split-conductor  protection,  for  it  apparently  comes 
nearest  to  giving  complete  protection  of  any  scheme  so  far 
proposed. 

W.  H.  Cole:  In  closing  the  discussion,  I  will  first  reply  to 
Mr.  Craighead's  inquiry  regarding  impedance  differential.  In 
the  paper  I  made  the  statement  that  we  aim  to  secure  impedance 
differentials  in  completed  lines  not  to  exceed  0. 1  per  cent.  The 
purpose  of  limiting  the  impedance  differential  to  low  values  is  to 
insure  correspondingly  low  values  of  normal  differential  current 
under  through  short-circuit  conditions,  thereby  permitting  low 
settings  for  the  relays.  If  the  relays  are  set  to  operate  on  a 
differential  current  equal  to  10  per  cent  full  line  current,  it  is 
obvious  that  the  impedance  differential  must  be  small  enough  to 
insure  that  this  value  of  differential  current  shall  not  be  reached 
upon  the  occurrence  of  any  possible  value  of  through  short-circuit 
current,  due  to  faults  or  conditions  beyond  the  cable  under 
consideration.  The  reference  in  my  reply  to  Mr.  Taylor,  of  a 
minimum  tripping  differential  of  20  amperes  with  a  fault  current 
of  say  200  amperes,  referred  of  course  to  conditions  involving  a 
fault  in  the  cable  under  consideration. 

Regarding  balancing  transformers,  their  design  is  a  matter  to 
which  attention  must  be  given  by  manufacturers  in  connection 
with  the  production  of  suitable  relays  for  split-conductor  pro- 
tection. 

In  general  it  may  be  said  that  the  performance  of  balancing 
transformers  should  be  such  that  their  "normal  differential 
current"  shall  not  be  greater  than  that  permissible  in  the  line 
itself  under  through  short-circuit  conditions.  We  have  made 
use  of  standard  double-wound  current  transformers  with  the 
primaries  connected  differentially,  which  under  test  with  high 
current  values  indicate  that  no  extreme  or  expensive  designs  are 
required  for  the  duty  imder  discussion. 
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Mr.  Traver  has  called  attention  to  the  desirability  of  pairing 
or  grouping  ordinary  conductors  under  some  conditions,  as  being 
more  desirable  than  the  indiscriminate  use  of  split-conductors. 
With  this  suggestion,  I  am  in  full  agreement  with  Mr.  Traver, 
particularly  when  the  system  is  large  and  consequently  involves 
a  relatively  large  number  of  lines  between  distribution  and 
generating  centers.  Split-conductor  cables,  however,  are  self- 
contained  units  and  have  many  advantages  not  inherent  to 
cables  previously  considered  as  standard.  There  is  room  for 
both  of  the  general  schemes  discussed  in  the  paper.  Any  choice 
between  them  "tends  to  be  an  economic  one"  in  practically 
every  case  where  they  are  under  consideration. 
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AERIAL  CABLE  CONSTRUCTION  FOR  ELECTRIC 
POWER  TRANSMISSION 

BY    B.    B.    MBYER 

Abstract  of  Paper 

This  paper  deals  with  the  problem  of  supplying  high-tension 
electric  service  where  conditions  do  not  permit  of  the  use  of  open 
wire  or  underground  circuits. 

The  methods  of  overcoming  difficulties  incidental  to  provi- 
ding for  high-tension  service  are  discussed  in  detail,  together  with 
a  description  of  the  types  of  cable  used  and  methods  of  installa- 
tion. 

The  experience  of  a  large  central  station  company  operating 
several  hundred  miles  of  overhead  and  underground  cable  is 
given  and  the  paper  brings  out  the  fact  that  the  type  of  con- 
struction described  may  be  used  advantageously  for  both  13|200- 
and  26,400-volt  service. 


CENTRAL  station  companies  have  had  to  meet  a  number  of 
difficult  problems  during  the  past  three  years  but  the  most 
important  has  been  that  of  supplying  enormous  power  demands 
imposed  upon  them,  particularly  since  the  United  States  has  be- 
come one  of  the  allies  in  the  European  war. 

On  account  of  the  rapidity  with  which  most  of  the  materials 
covered  by  war  contracts  must  be  delivered,  industrial  companies 
found  that  the  building  of  isolated  plants  was  out  of  the  ques- 
tion, not  only  because  of  the  time  necessary  for  erection,  but 
because  of  the  low  rates  and  excellent  service  furnished  by 
utility  companies. 

At  the  present  time  the  central  station  engineer  in  dealing 
with  the  customer  has  to  provide  for  thousands  of  kilowatts 
rather  than  hundreds,  which  were  the  usual  demands  previous 
to  the  war. 

These  large  demands  have  made  it  necessary  to  solve  numerous 
operating  problems  in  connection  with  the  transmission  system 
and  to  devise  special  methods  of  construction  in  order  to  serve 
the  industries  upon  which  the  Government  is  depending  to  help 
win  the  war. 

The  Public  Service  Electric  Company,  which  operates  in  200 
municipalities  throughout  the  State  of  New  Jersey,  supplies  light 
and  power  to  approximately  170  manufacturing  plants  engaged 
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directly  or  indirectly  on  Government  contracts.  The  material 
furnished  under  such  contracts  consists  of  high  explosives, 
chemicals,  shells,  textiles,  rubber  goods,  motor  cars,  castings, 
wire  and  cable,  wireless  apparatus,  ships  of  various  types,  and 
many  other  accessories.  In  addition  to  this,  the  Public  Service 
Electric  Company  has  contracts  with  the  United  States  Govern- 
ment for  furnishing  light  and  power  to  Camp  Dix,  Camp  Merritt, 
Raritan  Ordnance  Depot,  Colonia  Base  Hospital,  and  the  Quarter- 
master's Department  located  at  the  Port  Newark  Terminal.  The 
supplying  of  these  industries  has  made  enormous  demands  on  the 
generating  system  of  the  company  so  that  at  the  present  time 
about  80  per  cent  of  the  company's  output  in  commercial  power 
is  for  war  work. 

One  of  the  special  methods  adopted  by  the  Public  Service 
Electric  Company  in  meeting  war  time  demands,  was  that  of 
furnishing  the  customer  mth  primary  service  by  the  use  of  aerial 
cable  run  on  poles  and  supported  by  messenger  wire,  a  type  of 
construction  similar  to  that  used  in  telephone  work. 

This  type  of  construction  was  first  used  by  the  company  about 
seven  years  ago  when  it  was  found  necessary  to  connect  two 
large  generating  stations  through  tie  feeders. 

The  matter  of  running  overhead  wire  was  considered  but 
found  impracticable  because  the  line  in  several  places  would  have 
to  cross  freight  yards,  trestles,  and  bridges,  and  the  owners  of 
these  structures  objected  to  open-wire  high-tension  lines. 

Most  of  the  section  between  these  two  stations  was  soil  of  a 
marshy  character,  through  which  it  would  have  been  impossible 
to  run  a  duct  line  without  the  use  of  foundation  piling. 

It  was  therefore  concluded  that  the  use  of  aerial  cable  furnished 
the  most  satisfactory  solution  of  the  problem.  In  this  installa- 
tion ordinary  lead-covered  cable  of  the  same  type  as  that  used 
for  underground  work  was  run  on  a  pole  line  with  60-ft.  (15.2-m.) 
pole  spacing.  To  protect  the  sheath  from  mechanical  injury 
there  was  applied  a  covering  consisting  of  several  layers  of  jute 
and  marlin  with  an  outer  armor  of  soft  steel  tape. 

The  use  of  lead-covered  cable  for  aerial  work  was  found  un- 
desirable, however,  because  of  the  excessive  weight  of  the  cable 
and  the  fact  that  it  could  not  be  installed  on  standard  pole  line 
construction,  and  a  special  form  of  cable  was  developed  to  over- 
come these  objections. 

In  Fig.  1  is  shown  the  modified  form  of  cable  for  13,200-volt 
operation,  which  is  made  up  with  7/32-in.  (5.5-mm.)  paper  con- 
ductor insulation,   a  3/32-in.    (2.3-mm.)   paper  jacket  and  a 
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4/32-in.  (3.17-mm.)  reinforced  rubber  covering  over  the  paper 
jacket.  The  reinforced  rubber  covering  is  similar  in  construc- 
tion to  that  of  the  ordinary  garden  hose,  being  made  up  of 
several  plies  of  fabric  and  rubber.  The  entire  cable  is  saturated 
with  rubber  compound  and  covered  with  tape  and  a  weather- 
proof braid,  thoroughly  impregnated  with  a  waterproofing  com- 
pound. For  mechanical  protection,  the  whole  core  is  encased  in 
an  armor  made  up  of  galvanized  steel  tape.  The  use  of  this 
form  of  construction  reduces  the  weight  of  the  cable  approxi- 
mately 50  per  cent  and  permits  the  use  of  lighter  pole  line  con- 
struction. 

Reinforced  rubber  cable  was  developed  by  Mr.  Philip  Torchio, 
Chief  Electrical  Engineer  of  the  New  York  Edison  Co.  who  has 
furnished  the  following  information  regarding  the  process  of 
manufacture. 

'The  process  of  manufacture  of  the  reinforced  rubber  covering 

Jute 

Soft  Steel  Tape  Armor 
i/^r  Reinforced  Rubber 
^  32  P&per  Jacket 
7  3f  Insulation  (Paper) 
250,000  C.  M.  Conductor 
'--Jute  or  Paper  Filler 
(Impregnated) 


Fig.  1 — Reinforced  Rubber  Covered  Aerial  Cable 

consists  in  calendering  both  sides  of  the  cotton  fabric,  previously 
dried  and  waterproofed,  with  a  30  per  cent  Para  rubber  com- 
pound, so  as  to  obtain  a  thorough  filling  of  rubber,  which,  under 
the  process  of  calendering,  becomes  partially  vulcanized.  The 
prepared  fabric  is  then  cut  into  tapes.  These  are  applied  to  the 
electrical  conductor  in  the  usual  manner,  all  contact  surfaces  and 
interstices  being  filled  with  a  rubber  cement.  The  insulated 
conductor  is  then  dried  under  moderate  heat.  According  to. 
whether  the  reinforced  rubber  covering  is  applied  over  an  in- 
sulating layer  of  rubber  compound,  or  a  layer  of  cambric  or 
paper,  the  finished  cable  may  or  may  not  be  subjected  to  vulcan- 
ization. In  the  latter  case,  the  partial  vulcanization  of  the  rubber 
in  the  reinforced  rubber  is  further  advanced  during  the  drying 
process  and  during  leading  in  the  case  of  leaded  cables;  other- 
wise further  vulcanization  takes  place  with  aging  and  under 
service. 
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The  finished  material  is  perfectly  homogeneous.  Its  specific 
insulating  and  dielectric  constants  are  lower  than  those  of  rubber, 
paper  and  varnished  cambric  insulation,  and  for  that  reason, 
among  others,  it  is  preferable  to  combine  a  thickness  of  rein- 
forced rubber  with  one  of  the  other  materials.  By  placing  the 
reinforced  rubber  outside  a  thickness  of  a  higher  dielectric  com- 
pound near  the  copper  wire,  the  potential  gradient  is  reduced  so 
that  the  lower  dielectric  strength  of  the  reinforced  rubber  does 
not  materially  decrease  the  total  dielectric  strength  of  the  cable." 

Many  engineers  have  been  of  the  opinion  that  paper  insulated 
cable  with  the  reinforced  rubber  jacket  would  not  give  satisfac- 
tory service  when  subjected  to  the  heat  of  the  summer  sun,  but 
in  spite  of  the  fact  that  the  cable  is  exposed  to  the  elements 
throughout  the  year  the  Public  Service  Electric  Company  has 
never  experienced  a  service  interruption  through  the  failure  of 
any  of  the  aerial  cable  in  use  in  the  transmission  system. 

In  Fig.  2  are  shown  several  types  of  reinforced  rubber  multi- 
conductor  cable  with  and  without  lead  covering. 

The  following  table  gives  approximate  weights  and  outside 
diameters  of  three-conductor  cables,  insulated  for  13,200-volt 
operation: 

APPROXIMATE  WEIGHT  AND  DIAMETER 
OP  THREE-CONDUCTOR.  13,200- VOLT-AERIAL  CABLE 


Sise 

WeiRht  per 
foot-lbs. 

Dia. 
inches 

No.  4 

No.  2 

No.  1 

1/0 

2/0 

4/0 

250,000  cm. 

350.000  cm. 

3.50 
4.06 
4.45 
4.80 
5.70 
6.70 
7.05 
8.50 

2.25 
2.41 
2.50 
2.. 57 
2.66 
2.91 
3  00 
3.22 

The  principal  advantage  of  aerial  cable  for  tie  feeder  in- 
stallations is  that  it  makes  little  difference  how  many  working 
lines  are  carried  on  a  single  pole  line.  Additional  cable  may  be 
run,  existing  construction  changed,  transferred  or  repaired  with- 
out taking  out  of  service  any  line  except  the  one  on  which  the 
actual  work  is  being  done.  Lightning  discharges  seem  to  have 
little  effect  because  the  messenger  wire  which  carries  the  aerial 
cable  is  permanently  grounded. 
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Fig.  2 — Reinforced  Rubber  Multi-Conductor  Cable 


Fig.  3 — Aerial  Cable  Line  with  Five  13.200- Volt  Circuits 


[meybr] 

Fig.  7 — Connection  Between  Aerial  and  Underground  Cable. 
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Fig.  3  shows  a  pole  line  carrying  five  13,200-volt  feeders.  This 
line  has  been  in  operation  for  a  period  of  over  seven  years  with- 
out the  occurrence  of  a  single  failure. 

The  usual  aerial  cable  installation  requires  the  use  of  Class  B 
chestnut  poles,  with  a  normal  spacing  of  from  90  to  100  ft.  (27 
to  30  m.).  Where  conditions  make  it  necessary,  sections  as  long 
as  150  ft.  (45  m.)  are  permissible,  but  in  such  cases  the  adjacent 
sections  should  not  exceed  130  ft.  (39  m.).  Sections  longer  than 
150  ft.  (45  m.)  should  receive  special  attention,  and  Class  A 
poles  should  be  used  on  long  sections  and  at  points  of  special 
strain.  The  location  and  frequency  of  guys  is  largely  depen- 
dent on  local  conditions  and  can,  in  most  cases,  be  decided  upon 
by  a  competent  line  superintendent. 


-4"  Lag^  Screw 


Messenger  Stmnd 
to  be  above  through 


I'll 


/Suspension 


Fig.  4 — Method  of  Suspending  Messenger  Cable 

Attention  is  called,  however,  to  the  fact  that  the  stress  at 
dead  ends  and  comers  is  very  great,  frequently  being  as  much 
as  25,000  lb.  (11,339  kg.).  These  points  of  special  stress  need 
to  be  well  guyed.  Both  the  anchors  and  the  guys  should  be 
designed  with  a  factor  of  safety  so  high  that  the  messenger  will 
fail  before  the  pole  will  pull  over.  In  all  cases  it  will  be  necessary 
tor  guy  stubs  to  be  reinforced  by  an  anchor  guy. 

For  the  suspension  of  the  messenger  a  double  ended  5/8-in. 
(15.8-mm.)  through  bolt  is  recommended,  as  illustrated  in  Fig.  4. 
The  use  of  a  safety  clamp  is  also  desirable.  This  clamp  serves 
the  double  purpose  of  reinforcing  the  through  bolt  and  preventing 
the  cable  from  falling  to  the  ground  in  case  the  rings  fail.  Care- 
ful tests  made  on  the  method  of  suspension  show  that  it  will 
withstand  the  maximum  loads  to  which  it  will  be  subjected. 
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The  type  of  clamp  used  is  similar  to  that  used  by  the  American 
Telephone  and  Telegraph  Company,  the  size  depending  on  the 
diameter  of  the  messenger  strand  adopted.  The  clamp  is  de- 
signed expressly  for  construction  of  this  character  and  is  not 
built  like  a  guy  clamp  which  is  designed  to  grip  two  strands 
instead  of  one.  It  affords  a  greater  lever  arm  for  the  bolts  to 
work  upon  in  grasping  the  messenger  and  supports  the  messenger 
strand  closer  to  the  bolt,  decreasing  the  bending  moment  on  the 
bolt  due  to  the  weight  of  the  cable. 

The  messenger  strand  should  always  be  placed  above  the  bolt 
in  order  that  the  weight  of  the  cable  will  not  be  supported  by  the 
clamp.  Various  forms  of  cable  rings  may  be  used  in  supporting 
the  cable  on  the  messenger  wire. 

Where  two  or  more  cables  are  to  be  installed  on  a  pole  line, 


Cable  Qamp 


Fig.  6 — Clamping  Cable  to  Messenger  on  Steep  Grades 

they  are  usually  suspended  in  pairs,  two  from  each  through  bolt. 
The  messenger  wire  is  extra  strength  5/8-in.  (15.8-mm.),  seven- 
strand,  galvanized,  steel  wire.  The  wire  composing  the  strand 
should  be  free  from  scale,  inequalities,  splints  or  other  imperfec- 
tions, not  consistent  with  the  best  workmanship.  It  is  usual  in 
purchasing  galvanized  steel  wire  of  this  character  to  have  it 
conform  to  a  specification  covering  the  galvanizing.  This  is 
necessary  as  otherwise  inferior  grade  wire  might  be  obtained. 

It  is  very  important  that  the  messenger  wire  be  drawn  as 
tight  as  possible,  in  order  to  prevent  sagging  when  subjected  to 
the  weight  of  the  transmission  cable.  If  this  is  not  done,  an 
unsightly  installation  will  result.  After  the  messenger  wire  has 
been  given  its  final  pull  and  properly  dead-ended,  the  placing  of 
the  aerial  cable  is  the  next  step.     In  pulling  the  cable  up  to  the 
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messenger  wire  it  is  very  important  that  precautions  be  exercised 
to  prevent  mechanical  damage  or  excessive  strains  which  would 
tend  to  weaken  or  damage  the  insulation. 

It  is  customary  in  aerial  installations  to  ground  the  messenger 
strand.  Where  the  soil  is  dry  or  soil  conditions  unfavorable  for 
grounding,  a  ground  connection  should  be  installed  at  every 
second  pole.  Where  the  earth  is  damp  and  soil  conditions  are 
favorable,  a  groimd  should  be  installed  at  every  foiirth  pole.  In 
marshy  ground  and  in  places  where  conditions  are  particularly 
favorable,  a  ground  at  every  eighth  pole  will  be  sufficient.  Where 
possible,  this  ground  connection  should  be  well  bonded  to  some 

metallic  subsurface  structure. 
If  this  is  not  possible,  the  stand- 
ard artificial  pipe  ground  should 
be  installed. 

It  is  also  desirable  that  the 
steel  tape  on  the  cable  be 
bonded  to  the  messenger  strand 
with  bonding  wire  at  every 
cable  joint,  as  proper  bonding 
is  necessary  in  order  to  furnish 
TransTn^^ion  Cable  the  required  protection  against 
lightning.  Where  cable  is  run 
through  trees  and  likely  to  be 
damaged  by  abrasion  it  should 
be  protected  by  several  layers  of 
galvanized  tape  similar  to  that 
later  described  for  use  in  pro- 
tecting the  joint. 

In  Fig.  5  is  illustrated  a 
method  of  clamping  the  cable  to  the  messenger  wire.  On  steep 
grades  where  the  angle  between  the  cable  and  the  horizontal  is 
greater  than  30  deg.  the  use  of  such  a  cable  clamp  is  recom- 
mended. This  clamp  can  be  made  up  as  required  and  should 
be  used  on  every  fourth  pole.  It  is  designed  to  take  the  greater 
portion  of  the  down  hill  pull  on  the  cable,  which  otherwise 
would  be  carried  by  the  cable  rings. 

In  erecting  the  cable,  the  first  reel  is  set  up  in  the  usual  manner 
and  the  cable  run  off  to  the  first  pole,  at  which  is  placed  a  sheave 
of  approximately  12  in.  (30  cm.)  diameter,  the  top  of  the  sheave 
being  located  about  5  in.  (12.7  cm.)  below  the  messenger  wire. 
On  the  four  or  five  succeeding  poles  similar  sheaves  or  cable 


Pig.  6 — Method  of  Fastening  S 
Hooks  to  Aerial  Cable 
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rollers  are  placed,  and  in  feeding  out  the  cable  2.5-in.  (6.35  cm.) 
"5"  hooks,  spaced  18  in.  (45.6  cm.)  apart,  are  fastened  to  it. 
These  hooks  are  fastened  to  the  cable  with  a  small  piece  of  marlin, 
made  up  in  a  loop  knot,  as  illustrated  in  Fig.  6. 

A  lineman  is  stationed  at  each  pole  to  change  the  "5"  hooks 
from  one  side  of  the  pole  to  the  other,  which  process  is  repeated 
until  the  entire  length  of  cable  has  been  installed  in  place. 

The  "5"  hooks,  which  were  used  as  a  temporary  support,  are 
now  removed  and  permanent  rings  put  in  place.  This  is  done 
by  a  lineman  supported  on  a  boatswain's  chair,  which  is  moved 
along  the  section  supported  by  the  messenger  wire. 

In  running  the  transmission  cable,  either  a  motor  truck,  horses, 
hand  or  power  winch  may  be  used. 

In  the  splicing  of  aerial  cable,  no  special  means  are  employed, 
but  the  usual  precautions  observed  in  the  installation  of  under- 
ground cable  must  be  followed.  The  jointing  of  any  cable  is 
more  or  less  a  matter  of  individual  experience  and  great  care 
must  be  exercised  in  all  cases  to  exclude  moisture.  The  work 
should  be  carefully  done  by  a  reliable  and  experienced  workman 
and  no  splicing  should  be  undertaken  when  weather  conditions 
are  unfavorable. 

Each  conductor  of  the  cable  is  insulated  with  black  bias-cut 
varnished  cambric  tape  of  a  thickness  of  about  30  per  cent  greater 
than  the  machine  applied  insulation.  Between  each  layer  of 
tape,  varnished  cambric  insulating  compound  is  applied.  After 
the  individual  conductors  have  been  insulated  a  jacket  of  bias- 
cut  black  cambric  tape,  well  painted  between  layers  with  an  in- 
sulating compound,  is  applied  to  a  thickness  of  4/32-in.  (3.17 
mm.).  Over  the  jacket  of  cambric  tape  several  layers  of  the 
best  grade  rubber  tape,  5/32-in.  (3.9  mm.)  in  thickness,  are 
applied  and  painted  between  layers  with  a  high  grade  rubber 
compound.  The  completed  joint  is  then  covered  with  three  or 
four  layers  of  friction  tape  well  painted  with  rubber  compound. 
The  joint  is  then  ready  for  the  application  of  a  soft  steel  galvan- 
ized tape  over  which  is  finally  applied  an  outer  covering  con- 
sisting of  three  or  four  layers  of  friction  tape  painted  between 
the  layers  with  a  good  grade  of  waterproof  compound. 

Where  it  is  necessary  to  make  connection  from  an  aerial  cable 
to  an  underground  system  a  standard  form  of  lead-covered  cable 
is  used  and  installed  in  a  lateral  pipe  as  shown  in  Fig.  7.  The 
joint  between  the  underground  and  aerial  cable  is  made  up  in 
the  manner  just  described,  and  there  is  slipped  over  the  joint  a 
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Fig.  8 — Aerial  Cable  Entrance  to  Substation 


Fig.  9— 26,000- Volt  Aerial  Cable  Installation         (meyerI 
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Fig.  10 — Catenary  Method  of  Suspending  Aerial  Cable 


[meyerI 
Fig.  11— 26,000- Volt  Cable  Crossing  Under  Railroad  Bridge  and 
High  Tension  Power  Circuits 
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lead  sleeve,  one  end  of  which  is  wiped  to  the  lead-covered  cable. 
The  other  end  is  well  taped  to  prevent  moisture  from  penetra- 
ting the  cable. 

Two  aerial  cables  entering  a  power  substation  are  shown  in 
Fig.  8.  In  this  installation  iron  pipe  laterals  are  run  up  the 
pole  and  underground  lead-covered  cable  is  spliced  on  to  the 
aerial  Cable  as  just  described. 

While  most  of  the  existing  circuits  are  operated  at  voltages 
under  15,000,  the  excellent  results  obtained  with  aerial  cable  has 
led  the  company  to  use  this  type  of  construction  on  all  special 
work  for  operation  at  26,000  volts. 

In  Fig.  9  is  illustrated  a  completed  26,000-volt  aerial  cable 
installation.  It  should  be  noted  that  this  method  of  construc- 
tion permitted  the  erection  of  a  high-voltage  line  without  recon- 
structing the  existing  low-voltage  open-wire  distribution  circuits. 

To  keep  the  cable  in  good  condition  it  is  necessary  to  paint  it 
every  four  or  five  years  with  some  form  of  insulating  paint.  This 
serves  to  keep  the  outside  jacket  from  disintegrating  and  protects 
it  from  the  action  of  the  elements. 

There  is  in  service  on  the  various  transmission  lines  of  the 
Company  approximately  65,000  ft.  (19,812  m.)  of  aerial  cable 
operating  at  13,200  volts  and  about  16,000  ft.  (4,876  m.)  either 
operating  or  in  course  of  construction  for  26,400-volt  service. 

Fig.  10  illustrates  a  catenary  method  of  installing  aerial  cable. 
The  line  so  erected  was  built  to  furnish  3,000  kw.  to  a  customer 
who  required  service  within  a  few  weeks  after  the  signing  of  the 
contract. 

It  was  impossible  within  this  short  length  of  time  to  obtain 
the  standard  aerial  cable  with  reinforced  rubber  insulation,  and 
it  was  found  necessary  to  take  ordinary  lead-covered  cable  out 
of  stock. 

The  erection  of  lead-covered  cable  by  the  methods  commonly 
used  in  installing  aerial  cable,  on  account  of  the  weight  and  long 
pole  spacing,  would  have  resulted  in  throwing  too  great  a  stress 
on  the  messenger  wire  and  lead  cable.  It  was,  therefore,  decided 
to  use  the  catenary  form  of  construction  so  as  to  reduce  the 
strain  with  the  result  that  the  transmission  cable  hangs  perfectly 
level  and  without  sag. 

In  Fig.  11  is  shown  an  illustration  of  aerial  cable  crossing  under 
a  railroad  bridge  and  electric  railway  power  circuits.  Open 
air  potheads  or  line  terminals  are  installed  between  the  cable  and 
the  open  wire  transmission  conductors.     No  protection  in  the 
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form  of  lightning  arresters  is  provided  as  after  a  number  of  years 
of  operation  without  failure  from  any  source,  the  cost  of  the  in- 
stallation of  arresters  seemed  to  be  unwarranted. 

Aerial  cable  construction  is  somewhat  more  expensive  than 
ordinary  open  wire  construction  but  its  cost  is  less  than  that  of 
an  underground  conduit  system.  As  the  costs  of  the  various 
types  are  so  largely  dependent  on  local  conditions,  no  compara- 
tive estimates  will  be  given  here.  In  general,  the  cost  of  an 
aerial  cable  line  is  about  midway  between  underground  and  open 
wire  construction. 

While  this  paper  deals  primarily  with  the  use  of  reinforced 
rubber  cables,  there  are  numerous  installations  throughout  the 
country  where  other  forms  of  insulation  have  been  used  with 
satisfactory  results. 

It  is  not  the  intention  of  this  paper  to  recommend  exclusively 
the  use  of  reinforced  rubber  insulation,  but  primarily  to  bring 
out  the  fact  that  aerial  cable  construction  may  be  used  advantage- 
ously for  power  transmission,  where  open-wire  construction  would 
be  undesirable  and  the  time  and  cost  of  underground  construc- 
tion would  be  prohibitive. 

Where  line  extensions  have  to  be  made  over  marshy  ground 
which  would  require  the  use  of  foundation  piling  for  a  conduit 
line,  over  private  property  such  as  railroad  freight  yards,  trestles 
or  bridges  where  very  special  overhead  construction  would  be 
necessary,  or  on  important  streets  on  which  open  wires  are  not 
permitted,  and  subway  construction  would  be  expensive  or  im- 
possible, aerial  cable  furnishes  an  ideal  form  of  construction. 
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Discussion  on  "Aerial  Cable  Construction  for  Electric 
Power  Transmission"  (Meyer),  Atlantic  City,  N.  J., 
June  26,   1918. 

W.  F.  Dawson:  The  author  pointed  to  the  possibility  of 
having  trouble  with  the  insulation  of  this  aerial  cable  from 
blistering  in  the  sun.  I  want  to  ask  if  they  have  any  particular 
protection  for  the  cable,  because  it  makes  great  difference  in 
the  amount  of  heat  attracted,  whether  it  is  coated  with  a  light 
colored  paint  or  an  ordinary  tar  product.  Glass  thermometers, 
exposed  in  the  sun  will  show  15  to  20  deg.  fahr.  lower  tempera- 
ture than  if  they  are  exposed  inside  of  black  cases  and  I  would 
expect  a  corresponding  difference  if  black  paint  were  used  in- 
stead of  white  or  gray. 

E.  B.  Meyer:  No  particular  attention  has  been  paid  to 
that.  I  realized  that  there  would  be  considerable  difference 
where  the  cable  had  been  painted.  Some  of  the  cable  has 
recently  been  covered  with  a  light  coating,  but  we  have  not 
had  much  experience  with  it  so  far. 

H.  L.  Wallau:  I  want  to  ask  the  carrjring  capacity  of  the 
aerial  installation.  Judging  from  the  pictures  submitted,  in 
practically  all  cases  these  cables  have  been  in  series  with  cables 
installed  in  subways,  in  which  case  the  limiting  current  will 
be  determined  by  the  underground  insulation.  I  ask  if  Mr. 
Meyer  has  had  any  of  this  cable  installed  exclusively  overhead, 
and  can  he  operate  those  cables  at  a  higher  rating  than  the 
subway  installation  because  of  that  reason? 

Another  point  I  notice  is  that  the  weight  per  foot  for  the 
0000  is  given  at  6.70.  Our  practise  is  to  use  0000  3 -conductor 
cable  either  6  by  6  or  8  by  2  installation,  with  1/8  in.  lead, 
if  I  remember  aright,  and  our  cable  weighs  about  9  lb.  per  foot, 
and  the  weight  of  the  cable  listed  in  the  paper  is  almost  7  lb. 
per  foot,  and  so  I  was  wondering  whether  the  figure  50  per 
cent  was  correct  or  not. 

In  reference  to  lightning  protection,  has  any  trouble  ever 
been  experienced  by  the  connection  of  a  stretch  of  cable  to 
two  stretches  of  overhead  line? 

E.  B.  Meyer:  In  "reference  to  current  carrying  capacity,  I 
do  not  recall  a  single  installation  entirely  made  up  of  aerial 
cable.  All  of  the  circuits  have  more  or  less  underground  cable 
in  series  with  the  overhead  cable,  and,  in  addition,  quite  a  little 
of  the  open  wire  construction.  Our  principal  difficulty  has  been 
the  fact  that  the  aerial  cable,  which,  in  the  past,  we  have  made 
the  same  size  as  the  open  wire,  would  limit  us  to  the  capacity 
of  the  underground  and  overhead  cable  sections. 

It  is  to  be  our  practise  in  future  work  to  increase  the  size  of 
the  aerial  cable,  and  also  the  underground  cable,  where  in  series 
with  the  open  wire,  so  as  to  get  the  full  capacity  of  the  circuit. 

There  are  a  nimiber  of  installations  where  aerial  cable  is 
used  in  the  center  of  connection  to  open  wire  lines.  To  my 
knowledge,  no  difficulty  has  been  experienced,  even  when  sub- 
jected to  very  severe  lightning  storms. 
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As  to  the  weight,  it  is  my  impression  from  figures  that  were 
prepared,  that  the  aerial  cable  was  about  50  per  cent  less  in 
weight  than  the  underground  cable.  There  may  be  some 
slight  discrepancy  I  have  not  checked  up. 

W.  A.  Del  Mar:  I  am  somewhat  surprised  to  hear  the  last 
two  speakers,  especially  Mr.  Meyer,  express  an  opinion  that 
the  limiting  featiire  in  carrying  capacity  is  the  underground 
cable.  I  should  have  thought  it  would  have  been  the  over- 
head cable  in  sunlight.  Cable  can  easily  attain  a  temperature 
in  direct  sunlight  of  120  or  130  deg.  fair.  There  is  not  very 
much  margin  between  that  and  the  maximtmi  permissible 
operating  temperature  of  the  insulation.  It,  therefore,  seems 
to  me,  that  in  obtaining  a  result  showing  the  contrary,  the  under- 
ground cables  may  have  been  operated  at  less  than  their  normal 
carrying  capacity. 

At  pressures  higher  than  20,000  or  30,000  volts,  there  would 
be  practically  no  carrying  capacity  left  after  the  cables  attained 
the  maximum  temperature  which  they  cotdd  attain  in  sunlight. 

E.  B.  Meyer:  Most  of  our  aerial  cable  installations  are 
out  in  the  open  where  they  are  subjected  to  the  rays  of  the 
summer  sun,  but  apparently  there  is  a  sufficient  circulation 
of  air,  and  in  that  case  the  opportunity  of  dissipating  heat  seems 
to  be  somewhat  better  than  a  cable  enclosed  in  a  conduit  line, 
so  we  have  experienced  no  difficulty  in  the  way  of  a  diminished 
carrying  capacity. 

On  the  350,000-cir.  mil  3-conductor  cable,  particularly  on  the 
tie  feeders,  we  have  limited  the  current  to  300  amperes  at 
13,000  volts,  and  a  number  of  the  00  cables  have  carried  in 
excess  of  200  amperes  without  failure.  The  principal  difficulty 
has  been  in  carrying  the  current  for  a  long  period  of  time  or  at 
a  high  load  factor,  particularly  where  there  are  a  ntunber  of 
cables  in  the  duct. 

John  B.  Taylor:  The  possibility  of  working  cables  to  the 
utmost  is  very  important,  when  we  hear  about  saving  a  million 
dollars  by  a  device  that  will  release  some  of  our  cables  . 

I  note  that  the  New  York  Central  Railroad  use  in  the  summer 
time  a  sort  of  cheese  cloth  tent  over  their  cables,  so  I  assume 
their  experience  is  that  cables  out  in  the  open  have  a  harder 
time  keeping  cool  than  those  under  ground.  Cables  should 
be  painted  black  or  white,  it  depends  on  whether  the  greater 
amount  of  heat  to  be  disposed  of  comes  from  the  sun  on  the 
cable  or  from  the  copper  outwardly.  In  one  case  the  cable 
should  be  painted  white  for  the  best  results,  and  in  the  other 
case  it  should  be  painted  black  for  the  best  results.  I  do  not 
know  why  the  New  York  Central  use  the  contrivance  I  have 
referred  to,  but  if  there  is  some  New  York  Central  man  here 
he  would  be  able,  possibly,  to  give  us  some  of  the  reasons  which 
cause  them  to  go  to  the  trouble  of  stretching  several  miles  of 
saturated  fabric  over  the  lines  of  cables  out  doors. 

Philip  Torchio:  I  think  Mr.  Taylor  is  making  a  comparison 
for  two  different  conditions.     Mr.  Meyer  has  an  open  overhead 
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cable,  while  the  New  York  Central  has  a  cable  installed  in  a 
pipe.  In  the  former  case  there  is  free  circulation  of  air  and,  as 
Mr.  Meyer  explained,  it  is  pretty  hard  even  with  load  to  raise 
the  temperature  of  the  body  as  a  whole  considerably  above  the 
temperature  of,  say,  125  deg.  fahr.  due  to  the  direct  sun's  rays, 
but  if  the  body  is  enclosed  in  a  pipe  and  the  circulation  of  air 
limited,  the  temperature  may  go  up  higher.  I  think  that  may 
explain  the  difference  in  results. 

J.  Allen  Johnson:  In  a  certain  installation  with  which  I 
am  somewhat  familiar,  of  a  2200-volt  lead  cable,  strung  on  a 
messenger  wire,  considerable  difficulty  was  experienced  with 
the  joints.  The  unequal  expansion  on  the  lead  cable  and  messen- 
ger cable  resulted  in  the  breaking  of  the  sheath  at  the  joint 
away  from  the  sheath  of  the  cable. 

I  would  like  to  ask  Mr.  Meyer  if  they  have  experienced  any 
difficulty  of  that  character,  and  if  so,  what  course  has  been 
taken  to  overcome  it? 

E.  B.  Meyer:  Answering  Mr.  Johnson's  inquiry,  I  have 
heard  of  a  number  of  cases  where  lead  cable  has  given  some 
difficulty,  particularly  at  the  joints,  due  to  difference  in  expan- 
sion, perhaps,  of  the  wire  and  the  cable  too.  I  will  say  that  in  the 
Public  Service  Electric  Company's  installation,  particularly 
the  earlier  installation,  made  with  the  standard  form  of  under- 
ground cable,  and  the  splice  made  up  in  exactly  the  same  manner 
as  it  is  made  in  the  manhole,  to  my  knowledge  we  have  never 
lost  a  joint,  and  have  had  no  difficulty  in  keeping  the  cable 
in  alignment.  The  cable  is  supported  with  the  messenger 
ring,  which  clamps  under  the  messenger  wire,  and  I  am  unable 
to  account  for  the  trouble  experienced  by  other  companies.  I 
can  only  speak  of  the  satisfactory  results  we  have  obtained. 

H.  R.  Summerhayes:  I  was  very  much  interested  in  this 
cable  installation,  Mr.  Meyer  mentions,  as  they  use  all  lead- 
covered  cables,  and  also  the  cable  covered  with  rubber  fabric, 
and  he  speaks  of  other  cables,  but  is  it  not  true  that  there  is 
nothing  else  that  will  stand  the  out  of  doors  conditions,  nothing 
else  but  rubber  or  lead  which  will  keep  the  insulation  dry  and 
will  stand  the  electrical  and  weather  conditions  to  which  the 
cable  is  subjected? 

E.  B.  Meyer:  Answering  the  last  question,  I  will  say  that 
we  are  experimenting  with  other  types  of  cable.  There  are 
some  insulated  with  a  varnished-cambric  jacket  with  the  ordinary 
rubber  jackets  on  the  outside.  That  particular  type  has  not 
been  in  service  long  enough  for  us  to  obtain  any  definite  results 
with  it.  I  do  understand  that  in  Pittsburgh  they  have  used 
the  varnished-cambric  cable,  and  that  it  has  operated  in  a 
satisfactory  manner,  but  they  also  have  had  some  trouble  in 
making  up  the  joints. 
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Application  of  theory  and  practise  to  the 
design  of  transmission  line  insulators 


BY    G.    I.  GILCHREST 


Abstract  of  Paper 

The  paper  first  gives  a  summation  of  the  items  that  are  ap- 
parently the  main  causes  of  pin-type  insulator  failures  in  service. 
Each  item  is  thereafter  briefly  cnscussed  and  the  opinions  of 
operating  men  are  cited. 

A  brid  description  is  given  of  the  method  used  to  determine 
the  form  of  the  dielectric  field  about  porcelain  insulators  under 
normal  line  voltage.  Diagrams  of  the  dielectric  field  and  photo- 
graphs of  fiash  over  tests  of  theoretical  designs  are  shown.  There- 
after, the  necessary  modifications  of  the  theoretical  designs,  in 
order  to  meet  operating  and  manufacturing  conditions,  are 
discussed. 

In  the  latter  part  of  the  paper,  diagrams  and  illustrations  are 
shown  of  a  proposed  type  of  commercial  insulator  design  which 
has  been  evolved  by  linking  together  the  theoretical  and  practi- 
cal phases  of  the  problem.  A  comparison  is  then  made  between 
the  older  types  of  design  and  the  proposed  type,  as  regards  the 
resistance  of  each  to  the  conditions  that  cause  failure  of  the  in- 
sulator in  service. 

In  conclusion,  a  summary  is  made  of  the  advantages  it  is  be- 
lieved that  the  new  type  of  design  has  over  the  present  com- 
mercial insulator  designs. 


Introduction 
T  TSUALLY  any  design  problem  of  engineering  may  be  quite 
^^  easily  separated  into  two  rather  distinct  phases.  The  one 
phase  is  termed '* theoretical"  and  infers  that  the  service  exper- 
ience, processes  of  manufacture,  cost  of  materials,  cost  of  manu- 
facture, etc.,  are  placed  secondary  in  importance  in  the  search 
of  an  ideal  design.  The  other  phase  is  termed  "practical"  and 
infers  that  the  design  has  been  evolved  mostly  from  a  consider- 
ation of  service  experience.  It  is  generally  conceded  that  a 
design  evolved  by  either  method  may  have  certain  advantages. 
The  object  of  the  following  investigations  has  been  to  linJc 
together  these  two  phases  in  a  specific  application,  namely;  the 
design  of  pin-type -transmission-line  insulators. 

In  order  to  save  repetition,  the  present  article  will  deal,  for 
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the  most  part,  with  laboratory  tests  of  various  new  designs 
and  the  comparison  of  these  designs  with  those  now  in  commer- 
cial use.  The  theoretical  elements  of  the  problem  which  laid 
the  foundation  for  the  following  developments  are  clearly  given 
in  two  papers  published  in  the  1913  A.  I.  E.  E.  Transactions. 
One  paper,  by  C.  Fortescue,  is  subjected  The  Application  oj 
Theorem  of  Electrostatics  to  Insulation  Problems.  The  other,  by 
C.  Fortescue  and  S.  Famsworth,  is  subjected  Air  as  an  Insulator, 
.  Since  an  attempt  will  be  made  to  deal  with  the  practical  and 
theoretical  phases  of  the  problem,  two  logical  questions  at  once 
arise: 

First,  are  the  insulator  designs  installed  in  service  at  the 
present  time  satisfactory? 

Second,  can  one  type  of  design  be  developed  that  will  be 
satisfactory  in  all  localities? 

The  first  question  is  answered  by  a  resimie  of  current  engineer- 
ing literature  which  offers  convincing  evidence  that  there  is  a 
field  for  improvement.  A  comparison  of  the  flashover  voltage 
versus  overall  dimensions  and  weight  of  the  present  insulator 
designs  woxdd  seem  to  warrant  an  attempt  toward  uniformity. 
Furthermore,  the  divergence  of  certain  characteristics  of  some 
designs  from  the  average  curves  indicates  that  some  of  the 
designs  must  be  far  from  efficient. 

The  causes  of  such  chaos  in  the  present  day  instdator  designs 
are  qxiite  obvious  and  have  been  frequently  stated.  First  of  all, 
the  progress  in  transmission  engineering  has  been  rapid.  The 
expanding  transmission  companies  demanded  instdator  designs 
which  would  offer  a  good  factor  of  safety.  There  was  no  pre- 
vious operating  experience  to  use  as  a  basis  in  new  developments 
and  consequently  it  was  often  necessary  for  the  transmission 
engineer  to  propose  his  own  design.  Moreover,  the  majority  of 
our  present  insulator  types  were  designed  when  the  electrical 
and  mechanical  characteristics  of  porcelain  were  less  under- 
stood  than  at  the  present  day.  As  a  result,  the  type  of  design 
has  fluctuated  and  various  features  were,  at  one  time  or  another, 
accentuated  as  most  important.  That  is,  at  one  period  a  long 
leakage  path  was  required,  regardless  of  voltage  distribution  per 
shell  from  capacity  current  or  leakage  ciurent;  then  again  a 
high  puncture  voltage,  then  a  high  mechanical  strength,  and  so 
on.  Nattu-ally,  many  mistakes  were  made  and  a  large  propor- 
tion of  the  older  insulator  designs  have  failed  in  service  appli- 
cation. 
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Causes  op  Insulator  Failures 
The  knowledge  that  certain  insulator  types  have  failed  in 
service  is  of  little  value  in  the  redesign  of  insulators  unless  actual 
conditions  of  service  and  cause  of  failure  are  known.  Also,  the 
cause  of  failure  of  a  particular  type  in  one  locality  should  be  com- 
pared to  the  cause  of  failure  in  other  localities.  Hence,  before 
attempting  to  develop  a  new  type  of  design,  a  study  was  made 
of  available  data  on  insulator  deterioration  and  the  opinions  of 
operating  engineers  in  various  parts  of  the  country  were  obtained. 
From  discussions  with  these  engineers,  from  published  data 
on  insulator  deterioration,  and  from  observations  of  insulators 
that  had  failed  in  operation,  it  would  seem  that  the  following 
items  are  the  main  causes  of  pin- type  insulator  failures: 

1.  Improper  distribution  of  dielectric  field. 

2.  Improper  distribution  of  surface  leakage. 

3.  Porosity. 

4.  Mechanical  breakage. 

a.  From  handling. 

b.  Mischievous  shooting  and  stone  throwing. 

c.  Insufficient  strength  as  a  support. 

d.  Brittle  material. 

5.  Lightning. 

6.  Birds  and  animals  short-circuiting  line. 

7.  Unequal  expansion  of  metal,  cement  and  porcelain. 

8.  Internal  stresses  in  material. 

9.  Defective  batches. 

Items  3,  4d  and  9  are  the  problems  in  which  the  ceramic 
engineer  is  vitally  concerned  and  will  not  be  considered  further 
in  this  paper.  These  items  have  doubtless  been  of  great  im- 
portance in  the  past  but  more  scientific  and  painstaking  factory 
control  must  minimize  them  in  the  future.  ("Electrical 
Porcelain",  Electric  Journal,  February  and  March,  1918,  by  T. 
A.  Klinefelter  and  G.  I.  Gilchrest). 

The  manner  in  which  these  items  have  caused  ultimate 
failure  of  certain  designs  are  very  briefly  enumerated  below: 

1.  Improper  Distribution  of  the  Dielectric  Field,  Failure  to 
consider  the  electrostatic  field  distribution  as  regards  every 
part  of  the  unit  has  resulted  in  designs  which  have  an  unequal 
voltage  distribution  per  shell  even  when  the  unit  is  dry  and  clean. 
When  the  rain  sheds  are  closely  spaced  the  air  between  them  is 
ionized  with  the  result  that  preliminary  discharges  take  place 
before  flashover.     Parts  of  the  unit  in  the  dielectric  field  are, 
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thereby  partially  short-circuited  and  other  parts  overstressed. 
Flashover  voltage  will,  therefore,  bejow  in  relation  to  overall 
dimensions.  These  conditions  are  usually  augmented  as  the 
insulator  becomes  dirty  and  wet. 

2.  Improper  Distribution  of  Surface  Leakage.  The  most 
serious  trouble  from  surface  leakage  is  probably  experienced  on 
sections  of  line  along  the  California  coast,  sections  near  Great 
Salt  Lake,  Utah,  etc.  Moreover,  the  climatic  conditions  of 
certain  localities,  especially  where  a  **dry  season"  is  followed  by 
a  *'rainy  season",  augments  the  difficulty.  For  example, 
along  the  California  coast  the  insulator  surface  gradually  be- 
comes coated  with  dirt  during  the  ''dry  season"  of  the  year.  At 
night  a  strong  breeze  drives  a  fog  containing  more  or  less  salt 
spray  over  the  transmission  lines.  The  dirt  on  the  insulator 
surface  then  becomes  moist  and  conducting  and  a  rather  high 
leakage  current  is  often  the  result.  Where  wooden  construc- 
tion is  used,  charring  of  the  wood  at  points  of  highest  ohmic 
resistance  may  take  place,  resulting  in  the  burning  of  pins  and 
cross  arms.  The  leakage  resistance  per  shell  of  many  of  the 
older  designs  are  such  as  to  give  a  very  uneven  voltage  distribu- 
tion per  shell  under  service  conditions.  Moreover,  the  voltage 
drop  over  the  surface  between  closely  spaced  sheds  often  be- 
comes sufficient  to  cause  static  discharges  between  them.  The 
effective  leakage  surface  of  the  insulator  is  thereby  decreased 
and  the  arcing  imposes  an  electrical  impact  on  the  insulator  at 
the  same  time.  Of  cotu-se,  this  same  trouble  occtirs  on  sections 
of  lines  near  factories,  steam  railroads,  cement  mills,  smelter 
plants,  etc.,  to  a  more  or  less  degree. 

3.  Porosity,  The  deterioration  of  porcelain  insulators  in 
service  was  given  little  consideration  during  the  early  days  of 
transmission  engineering.  The  majority  of  transmission 
engineers  preferred  an  insulator  having  a  porcelain  body  which 
ofiFered  a  high  resistance  to  mechanical  breakage.  As  a  conse- 
quence, the  porosity  of  the  material,  which  varies  inversely  to  the 
mechanical  strength  as  regards  resistance  to  mechanical  impact, 
was  considered  of  secondary  importance.  The  results  that  the 
condition  has  caused  in  service  have  been  clearly  presented 
before  the  Institute  by  Professor  H.  J.  Ryan.^ 

4.  Mechanical  Breakage,  Mechanical  breakage  has  been  a 
frequent  source  of  annoyance,  and  has  worked  havoc  in  a  number 
of  ways. ^ 

1.  "Ceramics  in  Relation  to  the  Durability  of  Porcelain  Suspension 
Insulators."    A.  I.  E.  E.  Transactions,  Vol.  XXXV,  1916. 
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(a)  The  deep  thin  sectioned  sheds  are  easily  broken  in 
handling.  This  results  in  a  loss  of  insulator  units.  What  is 
of  more  importance,  the  danger  of  installing  defective  units  is 
considerable,  since  many  fine  cracks  may  pass  the  usual  con- 
struction crews'  inspection. 

(b)  Some  of  the  operating  engineers,  especially  those 
located  in  the  middle  West,  or  near  mining  camps,  claim  that 
80  to  90  per  cent  of  the  defective  insulators  removed  from  the 
line  were  first  injured  by  rifle  shooting  or  stone  throwing. 

(c)  Many  designs  are  not  sufficiently  strong  as  a  support 
due  to  the  thin  sections  of  porcelain  and  small  area  under 
mechanical  stress,  or  to  the  fact  that  the  deep  center  shed 
necessitates  a  high  pin.  Such  designs  fail  in  service  when  un- 
usual stresses  occur,  such  as  are  caused  by  sleet  storms,  by 
poles  giving  way  during  freezing  and  thawing  of  the  ground,  or 
heavy  rains,  etc. 

5.  Lightning.  It  is  generally  conceded  that  a  direct  stroke  of 
lightning  will  destroy  any  insulator  that  comes  within  its^path. 
However,  some  of  the  older  designs,  especially  those  having  deep 
inner  shells  and  heads  of  large  diameter,  were  very  vulnerable 
to  any  sudden  impact  voltage.  In  the  first  place,  the  impulse 
ratio  (flashover  voltage  at  high  frequency  divided  by  flashover 
voltage  at  normaWrequency)  of  such  insulators  is  rather  high 
and  in  the  second  place  the  ratio  between  flashover  voltage  in 
air  and  puncture  voltage  under  oil  is  comparatively  low. 

6.  Birds  and  Animals  Short-Circuiting  Line,  Some  trans- 
mission companies  have  found  it  necessary  to  place  shields  on 
the  poles  in  certain  sections  in  order  to  prevent  squirrels  climbing 
the  poles  and  short-circuiting  the  lines.  In  other  localities  it 
has  been  necessary  to  increase  the  height  of  insulator  pins  or 
the  wire  spacing  in  order  to  prevent  cranes,  eagles,  etc.,  from 
short-circuiting  or  grounding  the  line. 

7.  Unequal  Expansion  of  Metal y  Cement  and  Porcelain.  In 
many  cases  solid  metal  pins  or  heavy  cast  thimbles  have  been 
cemented  into  the  insulator.  Apparently  the  unequal  expansion 
of  the  metal,  cement  and  porcelain  has  caused  the  cracking  of 
the  porcelain  and  ultimate  failure  of  the  insulator. 

8.  Internal  Stresses  in  the  Material.  Comers  of  small  radii 
and  non-uniform  sections  of  the  porcelain  shells  have  possibly 
produced  internal  stresses  in  the  material  during  the  manu- 
facturing processes  and  these  have  developed  cracks  later  on  in 
service.     Also,  the  relation  between  the  shape  of  the  shells  in 
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the  cemented  area  and  the  shape  of  the  cemented  area  itself  has 
be^n  such  as  to  allow  the  full  effect  of  unequal  expansion  of  the 
porcelain  and  cement  which  is  caused  by  temperature  changes  or 
absorption  of  moisture. 

Investigation  of  Dielectric  Field 
In  the  papers  of  Fortescue  and  Famsworth,  several  insulator 
forms  were  evolved  mathematically,  and  the  dielectric  field  ex- 
plored by  means  of  an  electrolytic  bath.  It  was  believed  that 
the  data  from  which  these  papers  were  written  in  conjunction 
with  the  available  data  of  other  investigators,  of  both  analy- 
tical and  experimental  nature,  afforded  sufficient  basis  from 
which  to  formulate  preliminary  designs.* 

After  a  careful  summation  of  the  data  at  hand,  it  seemed  that 
the  logical  method  of  attacking  the  problem  would  be  to  have 
several  theoretical  insulator  designs  produced  out  of  a  usual 
commercial  porcelain  body.  The  dielectric  field  of  these  should 
then  be  investigated  under  a  voltage  of  approximately  the  same 
value  that  would  be  impressed  in  service.  Thereafter  practical 
considerations,  such  as  deterioration  of  the  various  commercial 
units  in  service,  manufacturing  limitations,  etc.,  should  be  taken 
into  account  with  the  intent  of  arriving  at  a  compromise  between 
the  theoretical  and  practical  features. 

Method  of  Determining  Form  op  Dielectric  Field 
The  dielectric  field  was  determined  by  the  following  pro- 
cedure:   The  insulator  was  fastened  rigidly  in  a  position  such 
that  the  plane  of  the  field  to  be  determined  extended  horizontally. 
A  piece  of  fuUerboard  was  fitted  over  a  half  section  of  the  in- 
sulator in  this  plane.     In  all  cases  the  apparatus  was  so  arranged 
that  the  cross-arm  supporting  the  insulator  was  grounded  as  in 
service  where  steel  construction  is  used.     Finely  divided  as- 
bestos was  then  sifted  evenly  onto  the  sheet  of  fullerboard, 
voltage  at  60  cycles  of  the  desired  value  applied,  and  the  sheet 
was  gently  tapped  until  the  particles  had  adjusted  themselves. 
Permanent  records  were  obtained  by  placing  a  sheet  of  photo- 
graphic printing  paper  over  the  fullerboard,  obtaining  the  field 
as  above,  and  exposing  the  paper  after  the  particles  had  become 
arranged. 

2.  **  Distribution  of  Potential  about  High- Voltage  Line  Insulators/'  by 
C.  T.  Allcutt  and  W.  K.  Skolfield.  Journal  of  Electricity,  Power  and  Gas, 
June  17,  1916.  An  Experimental  Method  of  Obtaining  the  Solution  of 
Electrostatic  Problems  with  Notes  on  High- Voltage  Bushing  Design,  by 
C.  W.  Rice.     A.  I.  E.  E.Transactions.  Vol.  XXXVI,  1917,  p.  906. 
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That  the  stronger  portion  of  the  field  around  an  insulator  was 
not  disturbed  materially  by  the  presence  of  the  fxdlerboard  or 
the  asbestos  particles  was  proven  by  suspending  a  piece  of  finely 
drawn  glass  in  parts  of  the  field  by  means  of  a  silk  fibre  supported 
by  small  insulated  rods.  As  nearly  as  could  be  checked,  the 
glass  indicated  the  same  direction  of  the  field  as  the  asbestos 
particles. 

Theoretical  Insulator  Designs 

The  dielectric  fields  of  five  theoretical  designs  were  deter- 
mined. Wherever  a  customary  transmission  cross-arm  and  line- 
wire  are  used,  there  are  two  principal  planes  of  the  dielectric 
field  which  show  the  greatest  diflFerence,  i.e.,  the  plane  of  the 
cross-arm  and  the  plane  of  the  line  wire.  These  two  planes  are 
90  degrees  apart  and  in  j)assing  from  one  to  the  other  the  trans- 
ition is  gradual.  During  the  investigation,  records  were  taken 
of  the  dielectric  field  of  these  two  principal  planes  and  of  a  plane 
midway  between  the  two.  In  this  paper  the  diagram  taken  in 
one  plane  of  the  unit  is  usually  shown.  Diagrams  of  three 
planes  of  two  designs  are  shown  in  order  to  illustrate  the  varia- 
tions that  occur.  The  plane  in  which  the  particular  field  was 
taken  is  indicated  by  the  reduced  top  projection  at  the  upper 
left  portion  of  each  figure. 

Dielectric  Field  Forms  and  Illustrations  of  Theoretical 

Designs 

Pig.  1  shows  the  field  form  of  a  bushing  having  dimensions 
of  ring  and  rod  chosen  such  as  to  give  maximum  breakdown 
voltage  over  the  surface  for  the  mean  diameter  of  torus  ring. 

Fig.  2  shows  a  60-cycle  flashover  on  bushing  of  Fig.  1. 

Fig.  3  gives  the  field  form  of  a  design  using  a  confocal 
system  of  ellipsoids  and  hyperboloids  of  revolution. 

Fig.  7a,  60-cycle  flashover  on  shape  shown  in  Fig.  3. 

Fig.  4,  field  form  between  special  metal  cap  and  pin  as  might 
be  used  as  terminals  of  a  line  insulator. 

Fig.  7b,  60-cycle  flashover  between  cap  and  pin  as  shown  in 
Fig.  4. 

Fig.  5,  field  form  of  line  insulator  without  rain  sheds. 

Fig.  7c,  60-cycle  flashover  on  shape  shown  in  Fig.  5. 

Fig.  6,  field  form  of  pin-type  insulator,  the  porcelain  of  which 
has  a  curvature  similar  to  that  of  Fig.  5.  However,  the  porce- 
lain body  is  separated  into  three  sections  and  metal  rainsheds 
added  to  give  wet  arcing  distance. 


Digitized  by  VjOOQIC 


812 


GILCHREST:  LINE  INSULATORS 


[June  26 


Fig.  7d,  60-cycle  flashover  on  unit  given  in  Pig.  6. 
In  Table  I  are  given  the  length  of  path  over  the  insulator 
surface  between  electrodes  and  the  60-cycle  flashover  voltage. 


TABLE  I 


Shape  in  figure 

Length  of  surface 

Effective  Idlovolta 
flashover  voltage 

Inches 

Centimeters 

ToUl 

Per  inch 

Per 

centimeter 

1 

7a 
7c 

4.25 

6.5 

8 

10.8 
16.6 
20.3 

87 
148 
115 

20.4 
22.8 
14.4 

8.1 
9.0 
6.7 

From  a  consideration  of  Table  I  it  is  evident  that  a  flashover 
value  of  between  20  and  23  kilovolts  per  inch  (8  and  9  kilovolts 
per  centimeter)  of  surface  may  reasonably  be  expected  if  the  unit 
is  designed  with  contours  of  the  surfaces  approximating  the  flow 
lines  of  the  dielectric  field.  Of  course,  the  flashover  on  the  unit 
without  rain  sheds  is  somewhat  lower,  being  14.4  kilovolts  per 
inch.  The  lower  flashover  on  this  unit  is  due  to  two  conditions, 
i.e.,  the  porcelain  surface  does  not  follow  the  dielectric  field  in 
all  planes  and  the  small  tie  wire  produces  corona  and  subsequent 
static  discharges  at  a  relatively  low  voltage.  Placing  a  static 
shield  on  the  top  of  this  unit  increased  the  flashover  voltage  18 
per  cent. 

With  the  field  form  between  cap  and  pin  as  given  in  Fig.  4, 
and  the  voltage  values  given  above  in  Table  I,  theoretical  in- 
sulator designs  could  be  determined  for  such  electrodes.  Such 
designs  should  follow  surfaces  indicated  on  Fig.  4,  as  (a)  and  (&). 
The  highest  flashover  voltage  for  a  given  surface  distance  between 
electrodes  would  thereby  be  obtained.  Moreover,  the  flashover 
voltage  of  such  a  unit  could  be  closely  approximated  if  the  elec- 
trodes have  sufficient  radius  of  curvature  at  points  of  contact 
with  the  insulating  material  and  a  good  seal  is  made  between 
the  metal  and  the  insulating  material. 

Modifications  of  Theoretical  Design  to  Meet  Operating 
AND  Manufacturing  Conditions 
Insulators  based  on  such  theoretical  data  would  be  excellent 
from  the  electrical  and  mechanical  standpoints  if  they  were  to 
operate  in  clean,  dry  air.  However,  the  commercial  insulator 
must  maintain  the  transmission  system  during  the  heaviest  of 
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Fig.  1 — Dielectric  Field  About 
Theoretical  Bushing 


PLATE  XIX. 

A.  I.  E.  E. 

VOL.   XXXVII,   1918 


Fig.  2 — 60-Cycle  Flashover  Bush- 
ing OF  Fig.   1 


Fig.    4 — Dielectric    Field    Be- 
tween Metal  Cap  and  Pin 


[gilchrest] 
Fig.  3 — Dielectric  Field  about 
Theoretical  Design  Using  Con- 
focal  Surfaces    of  Revolution 
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PLATE  XX. 

A.  I.  E.  E. 

VOL.  XXXVII,  1918 


Fig.  5 — Dielectric  Field  about  Fig.  6 — Dielectric  Field  about 

Line    Insulator    without    Rain        Insulator      with    Metal      Rain 
Sheds  Sheds 


[gilchrbst] 
Fig.  7 — 60-Cycle  Flashovers  on  Theoretical  Porcelain  Shapes 
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snow  and  rain  storms.  Moreover,  it  must  have  sufficient 
leakage  distance  to  prevent  flashover  or  even  high  power  loss 
from  surface  leakage  when  the  surface  becomes  dirty  and  wet. 

The  production  of  one-piece  insulators  for  high-voltage  ser- 
vice, although  possible,  would  be  costly.  Also,  the  puncturing 
voltage  of  a  one-piece  unit  would  be  low  for  a  given  thickness, 
since  the  stress  in  an  insulating  material  between  metal  elec- 
trodes of  diflFerent  potential  varies  as  a  logarithmic  function. 
The  separation  of  the  unit  into  parts  that  are  cemented  together, 
more  uniformly  distributes  the  stress  of  the  dielectric  if  the  unit 
is  properly  designed.  It  also  decreases  the  probability  of  com- 
plete failure  of  the  insulator  and  facilitates  factory  production, 
lessening  the  cost  of  the  commercial  unit. 

The  use  of  a  special  cap  would  be  desirable  from  a  dielectric 
standpoint.  However,  the  voltage  characteristics  under  rain 
are  the  same  whether  the  usual  line  and  tie  wire  or  a  special  cap 
are  used.  Moreover,  the  cost  and  ease  of  replacement,  cost  of 
construction,  etc.,  favor  the  line  and  tie  wire  construction. 

Proposed  Commercial  Insulator  Design 
With  the  above  limitations  of  the  theoretical  designs  and  the 

causes  of  insulator  failures  in  mind,  the  type  of  unit  indicated  in 

Fig.  8  was  evolved. 

Summed  up  briefly  this  type  of  design  embodies  the  following 

features; 

1.  Surfaces  a  conform  to  the  flow  lines  of  the  electrostatic 
field. 

2.  Surfaces  b  of  the  rain  sheds  conform  to  the  equipotential 
surfaces. 

3.  Lines  of  mechanical  stress  are  parallel  to  the  electrostatic 
flow  lines. 

4.  The  leakage  resistance  per  shell  is  about  equal,  being  in- 
creased gradually  from  the  head  to  the  center  shell. 

5.  Approximately  equal  capacity  per  shell. 

Comparison  With  Older  Designs 
It  is  not  possible  to  much  more  than  indicate  in  the  following 
discussion  the  methods  employed  to  compare  the  proposed  type 
of  design  given  in  Figs.  8a  and  §b  with  the  older  commercial  in- 
sulators. Samples  of  various  commercial  designs  were  produced 
and  were  subjected  to  rather  thorough  laboratory  tests  at  the 
same  time  tests  were  made  on  insulators  of  the  proposed  design. 


Digitized  by 


Googh 


814 


GILCHREST:  LINE  INSULATORS 


[June  26 


It  should  be  noted  that  the  insulators  of  the  new  type  used  in  the 
comparative  tests  do  not  exactly  correspond  to  the  proportions 
of  Fig.  8.  In  order  to  lessen  the  cost  of  investigation,  insulator 
sheds  of  several  diameters  were  obtained  from  one  set  of  molds 
by  trimming  the  individual  shells  before  burning.  This  also  ac- 
counts for  the  unfinished  appearance  of  the  edges  of  sheds,  etc., 
in  some  of  the  experimental  designs. 

In  the  following  comparison  it  is  not  assumed  that  the  evolved 
design  should  be  final  in  each  detail.  The  main  goal  toward 
which  work  is  being  directed  is  uniformity  of  all  the  elements 
entering  into  the  designs  with  the  idea  in  view  of  arriving  at  a 


Fig.  8a — Three-Piece  Insulator  of  the  Proposed  Type  of  Design — 

Insulator  A 

type  of  design  which  will  be  equally.successful  in  resisting  failure 
in  service  whatever  the  requirements  are  in  that  particular 
section.  In  the  following  comparisons  the  items  causing 
failure  in  service  are  discussed  in  the  order  given  at  the  beginning 
of  the  paper. 

1.  Dielectric  Field  Distribution.  The  shortest  air  path  under 
electrostatic  stress  should  be  at  least  long  enough  to  prevent 
overstressing  of  the  air  at  any  point.  In  the  theoretical  dis- 
cussions referred  to  in  the  introduction  it  was  proved  that 
wherever  porcelain  and  air  are  in  series  in  a  dielectric  field  the 
voltage  gradient  per  unit  distance  through  the  porcelain  will  be 
J^  to  1/6  the  voltage  gradient  through  the  air.     It  is  obvious  that 
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any  thin  section  of  air  between  porcelain  sheds  of  a  customary 
line  insulator  will  be  over-stressed  even  at  the  normal  line 
voltage  of  the  insulator. 

In  order  to  make  a  comparison  of  the  dielectric  fields  of  various 
insulators,  their  field  forms  were  determined  as  in  the  investi- 
gation of  the  theoretical  designs.  It  is  believed  that  the  follow- 
ing field  forms  and  illustrations  suflSciently  indicate  that  many 
present  types  have  not  been  designed  with  a  full  appreciation  of 
the  advantages  of  shapes  that  conform  to  the  electrostatic  flow 
lines  in  obtaining  the  most  efficient  distribution  of  the  stresses 
in  the  dielectric  field. 

Fig.  9  (insulator  C)  gives  the  dielectric  field  of  a  unit  of  the 
type  used  in  the  early  developments  of  high-voltage  trans- 


sy-- 


Fig.  8b — Two-piece  Insulator  of  the  Proposed  Type    of    Design 

— Insulator  B 

mission.  The  air  between  sheds  just  below  the  cement  section  is 
highly  stressed.  Because  of  the  height  of  the  pin  in  proportion 
to  other  dimensions  of  the  unit  the  stress  toward  the  base  of 
the  pin  and  the  supporting  cross  arm  is  very  low.  Moreover, 
the  third  shell  of  the  insulator  is  spaced  so  close  to  the  insulator 
pin  that  it  does  not  take  its  proportion  of  voltage  stress  when 
either  dry  or  wet  flashover  occurs. 

Fig.  10  (insulator  D)  shows  the  dielectric  field  of  a  three- 
piece  insulator  of  a  somewhat  more  recent  design.  The  center 
shed  is  better  spaced  than  in  insulator  C.  However,  the  air 
just  below  the  cement  sections  is  highly  stressed  and  the  short 
rain  shed  of  the  second  shell  gives  an  unequal  voltage  distribution 
at  flashover,  dry  or  wet. 
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Figs.  11,  12  and  13  (insulator  E)  show  the  dielectric  field  of  a 
four-piece  unit  of  comparatively  recent  design.  The  sheds  of 
this  design  are  more  uniformly  spaced,  but  the  air  between 
sheds  just  below  the  cement  sections  is  highly  stressed.  The 
stress  throughout  the  dielectric  field  of  this  unit  is  an  improve- 
ment over  the  types  C  and  D.  However,  the  short  second  shed 
and  protected  fourth  shed  give  unequal  voltage  distribution  at 
flashover  dry  or  wet. 

Pigs.  14,  15  and  16  (insulator  F)  show  the  dielectric  field  of  a 
unit  of  the  proposed  design.  The  shortest  air  path  between 
shells  is  sufficient  so  that  the  air  is  not  overstressed  at  working 
voltage  of  the  insulator  or  until  flashover  occurs.  Moreover, 
the  rain  sheds  are  so  spaced  that  each  section  of  the  unit  takes 
its  share  of  the  stress  at  flashover,  dry  or  wet. 

Fig.  17  (insulator  G)  shows  the  dielectric  field  of  a  unit  similar 
to  insulator  F,  but  having  rain  sheds  of  greater  diameter.  The 
diameter  of  the  head  of  this  unit  is  probably  out  of  proportion 
and  greater  than  would  be  most  satisfactory  for  service.  How- 
ever, the  stress  in  the  dielectric  is  well  proportioned  and  the 
voltage  distribution  per  shell  at  flashover,  dry  or  wet,  is  fairly 
well  proportioned. 

Fig.  18  (insulator  F)  shows  the  dielectric  field  of  the  insulator 
having  upper  surfaces  of  the  rain  sheds  covered  with  a  conduct- 
ing paint.  This  field  form  which  approximates  the  rain  con- 
ditions indicates  that  the  stress  per  shell  on  the  unit  during  rain 
would  be  approximately  equal.  Moreover  it  indicates  that  the 
stress  in  the  dielectric  field  is  more  uniform  during  rain. 

Fig.  19  (insulator  F)  shows  the  dielectric  field  of  the  insulator 
when  equipped  with  Nicholson  Arcing  Rings,  and  indicates 
that  the  most  highly  stressed  portion  of  the  field  about  the  in- 
sulator is  not  changed.  However,  the  most  highly  stressed 
portion  of  the  field  between  the  line  wire  and  cross  arm  is  now 
between  arcing  rings  and  flashovers  would,  therefore,  occur 
between  rings. 

Fig.  20  (insulator  F)  shows  the  dielectric  field  when  static 
shields  are  placed  at  the  top  and  base  of  the  insulator.  This  com- 
bination would  give  a  very  fine  distribution  of  stresses  in  the 
dielectric  but  would  be  rather  expensive  commercially. 

60-Cycle  Flashover  Tests 
Flashover  on  most  of  the  older  insulator  types  is  caused  by  the 
corona  formation  at  the  line  and  tie  wires  and  the  edges  of  the 
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Fig.    9 — Insulator    C — Dielec-  Fig.  10 — Insulator  D — Dielec- 

tric Field  about  Line  Insulator        tric  Field  of  Insulator  of  Fairly 
of  Early  Design  Recent  Design 
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Fig.  11 — Insulator  E — Dielec- 
tric Field  about  Insulator  of 
Recent  Design 
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Fig.  12— (See  Fig.  11) 
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Fig.  13— (See  Fig.  11) 


Fig.  14 — Insulator  F — Dielec- 
tric Field  about  Insulator  of 
Proposed  Design 
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Fig.  15— (See  Fig.  14) 
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Fig.  16— (See  Fig.  14) 
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Fig.  17 — Insulator  G — Dielec- 
tric Field  about  Insulator  of 
Proposed  Design 


Fig.  18 — Insulator  F — Dielec- 
tric  Field   about   Insulator  of 
Proposed     Design     Under    Con-  . 
DiTioNs  Approximating  Rain 


Fig.  19 — Insulator  F — Dielec- 
tric Field  about  Insulator  of 
Proposed  Design  Installed  with 
Nicholson  Arcing  Rings 
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Fig.  20 — Insulator   F — Dielec- 
tric Field  about  Insulator  Hav- 
ing  Static   Shields   at   Top   and 
Base 
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Fig.  22 — 60-Cycle  Dry  Plashover 


Fig.  23 — 60-Cycle  Wet  Flashover  [cilchrestI 
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cement  joints  between  shells.  As  the  voltage  applied  to  the 
insulator  is  increased,  the  area  of  the  corona  formation  in- 
creases and  static  streamers  gradually  spread  over  the  surface  of 
the  insulator  sheds.  The  static  streamers  increase  in  length  un- 
til the  air  insulation  between  them  finally  fails  and  flashover 

follows.  Obviously,  the  path  of 
the  flashover  will  start  along 
the  path  of  these  streamers  and 
thus  trouble  may  be  caused  by 
the  intense  heat  of  the  power  arc 
and  rain  sheds  may  be  stripped 
from  the  insulator. 

In  the  proposed  type  of  de- 
sign there  are  no  static  streamers 
from  the  edges  of  the  cement 
section  between  shells  up  to 
flash-over  voltage.  The  corona 
formation  at  the  tie  and  line 
wires  therefore,  builds  up  until 
flashover  occurs  by  breaking  down  an  air  path  between  the  line 
and  pin  or  cross  arm.  The  proof  of  these  statements  may  be 
seen  in  the  following  illustrations.  The  axes  of  the  two  units 
in  each  of  the  following   figures  giving  comparative  flashovers 


hoi--- 

Fig.  21a — Insulator  / 


Fig.  21b — Insulator  K 


Fig.  21c — Insulator  H 


were  at  the  same  distance  from  the  camera  lens  and  hence 
the  dimensions  are  directly  comparable. 

Figs.  22  and  23  show  illustrations  of  dry  and  wet  flashovers 
respectively,  on  insulators  G  and  H.  The  design  of  insulator  H 
is  given  in  Fig.  21c. 

Fig.  24  shows  an  illustration  of  wet  flashover  on  insulators  J 
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and  /.  The  design  of  insulator  /  is  given  in  Fig.  21a.  In- 
sulator /  is  of  the  proposed  type  similar  to  the  unit  given  in 
Fig.  8. 

Fig.  25  illustrates  of  one  of  the  early  types  of  high-voltage  in- 
sulators and  insulator  /  in  parallel.  The  finer  lines  over  the 
surface  of  the  old  type  unit  are  preliminary  static  discharges. 
The  final  power  arc  passes  from  the  left  of  the  insulator  head 
around  in  front  of  and  finally  to  the  pin  at  the  back  of  the 
insulator. 

Fig.  26  shows  insulator  fin  parallel  with  the  unit  of  early  design 
shown  in  Fig.  25,  and  shows  the  corona  formation  and  static  dis- 
charge over  the  head  and  between  the  head  and  second  shell  of 
the  old  type  unit.  The  camera  exposure  was  f  of  a  minute 
at  f-8. 

The  difference  in  the  stress  in  the  air  around  the  insulators 
just  below  flashover  voltage  dry  was  very  marked.  Insulators 
f  ,  G  and  /  of  the  proposed  type  of  design  showed  no  appreciable 
corona  except  at  line  and  tie  wires  until  flashover  occurred. 
Flashover  occurred  from  tie  wire  or  line  wire  to  pin  or  cross  arm, 
there  being  no  tendency  for  the  arc  to  start  between  the  rain 
sheds.  Considerable  corona  formation  and  static  streamers 
could  be  detected  on  'insulators  £,  H  and  /.  Static  streamers 
began  to  spread  out  over  the  surfaces  between  shells  of  in- 
sulators H  and  /  at  80  per  cent  of  flashover  voltage,  and  unless 
these  units  are  mounted  on  rather  low  pins  the  power  arc  holds 
close  to  the  insulator  surfaces.  Of  course,  the  old  type  design 
of  Figs.  25  and  26  has  been  entirely  superseded  but  these  two 
figures  clearly  indicate  the  entire  neglect  of  a  consideration  of 
the  dielectric  field. 

The  difference  of  distribution  of  stress  before  wet  flashover  is 
even  more  noticable.  In  insulator  £,  H  and  /  the  unequal 
spacing  of  rain  sheds  and  consequent  unequal  wet  arcing  dis- 
tances, combined  with  a  highly  stressed  air  between  the  sheds  be- 
low the  cement  sections  produces  preliminary  discharges 
(marked  p)  between  rain  sheds.  These  preliminary  discharges 
throw  electrical  impacts  onto  parts  of  the  insulator  and  short- 
circuit  portions  of  the  porcelain  between  the  line  and  pin.  Con- 
sequently, when  a  line  surge  occurs  during  a  rain  storm  or  when 
the  unit  is  wet  and  dirty  the  factor  of  safety  of  these  insulators 
in  resisting  puncture  or  flashover  is  actually  no  more,  and  some- 
times is  less,  than  it  would  be  minus  one  of  the  shells. 

Insulators  F,  G  and  J  of  the  proposed  design  show  no  prelimi- 
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nary  discharges  except  static  from  tie  or  line  wires  to  pin  or  cross 
arm.  Static  discharges  (marked  s)  are  shown  on  each  of  these 
units.  All  of  the  leakage  surface  and  thickness  of  porcelain 
between  line  and  pin  are,  therefore,  eflfective  up  to  failure  by 
flashover. 

2 — Surface  Leakage.  As  previously  stated,  the  leakage  sur- 
face of  many  of  the  older  designs  gives  a  very  uneven  voltage 
distribution  per  shell.  Table  II  gives  the  resistance  per  shell  of 
various  insulators  tested  during  this  investigation.  The  values 
were  obtained  by  an  integration  of  the  surface,  i.e.,  surface  re- 

d  s 
sistance  equals  5  -r where  d  s  is  an  element  of  surface  and 

y  the  radius  of  that  element  from  the  axis  of  the  insulator. 

It  is  obvious  from  this  table  that  certain  of  the  older  designs, 
especially  those  having  a  short  second  shell,  long  inner  shells, 
etc.,  have  a  very  unequal  surface  resistance  per  shell.  If 
the  insulator  surface  becomes  dirty  and  wet  so  as  to  pass  a  leak- 
age current  of  even  a  thousandth  of  an  ampere  the  V9ltage  dis- 
tribution would  depend  upon  this  current  and  the  capacity  current 
could  be  neglected.  The  voltage  gradient  over  the  insulator 
surface  thus  often  becomes  sufficient  to  cause  discharge  between 
sheds  and  pin  or  cross  arm  or  over  the  short  sheds.  An  electri- 
cal impact  IS  thereby  applied  to  parts  of  the  insulator  and  portions 
of  the  porcelain  body  between  line  and  pin  are  short-circuited. 
It  is  believed  that  the  continued  overstressing  of  parts  has  been 
the  cause  of  many  insulator  failures  in  the  past. 

TABLE  II 
SURFACE  RESISTANCE    PER  SHED  IN   PER  CENT  OF  TOTAL  RESISTANCE 


N'umber  of  shed 

Insulator 

First 

Second 

Third 

Fourth 

A 

28 

30 

42 

B 

45 

55 

E 

14 

13 

32 

41 

F 

26 

29 

45 

G 

26 

31 

43 

H 

18 

29 

48 

I 

12 

16 

32 

40 

K 

16 

11 

30 

44 

The  surface  resistance  of  the  proposed  designs  as  typified  by  in- 
sulators A  and  B  in  Table  II  is  gradually  increased  from  the  top 


Digitized  by  VjOOQIC 


820  GILCHREST:  LINE  INSULATORS  [June  26 

to  center  shells,  the  increase  being  considered  as  an  advantage 
since  the  center  sheds  will  usually  become  dirtiest. 

A  novel  feature  of  the  proposed  design  is  illustrated  in  Fig.  27 
showing  insulators  D,  E,  F  and  H.  These  units  were  set  on  a 
cross-arm  line,  and  tie  wire  attached  as  in  service,  voltage  ap- 
plied and  plaster  of  paris  dust  blown  around  them.  The  surfaces 
along  the  lines  a  of  the  proposed  design  (Fig.  8)  are  practically 
free  of  dust. 

The  reason  for  this  is  quite  apparent.  All  the  force  acting  in 
the  dielectric  field  along  this  surface  a  is  tangential  and  would 
tend  to  force  the  particles  to  the  sheds  above  or  below.  The 
same  action  was  noted  when  the  units  were  subjected  to  atomized 
salt  water.  This  feature  would  doubtless  have  some  value  in 
dust  laden  sections  since  the  dust  would  tend  to  settle  mostly  on 
the  lower  shed  and  rain  and  wind  would  clean  this  to  some  extent. 

It  is  necessary  to  clean  the  insulators  in  long  portions  of  line 
in  certain  sections  of  country  as  the  coast  districts  of  California. 
It  is  very  apparent  that  the  proposed  type  of  design  may  be 
cleaned  much  more  readily  and  thoroughly  than  any  of  the  older 
types. 

3.  Porosity,  As  denoted  previously,  the  porosity  of  porce- 
lain is  a  specific  problem  of  the  ceramic  engineer  rather  than  the 
designer.  As  clearly  pointed  out  in  a  recent  paper*  by  Prof. 
Ryan  we  apparently  have  no  method  of  detecting  the  very 
slightly  porous  material  which  may  cause  trouble.  Since  por- 
osity is  a  function  of  the  body  composition,  manufacturing  pro- 
cess and  burning,  even  with  the  most  careful  production  and 
testing,  a  small  amount  of  this  slightly  porous  material  is  not 
detected.  The  thicker  portions  of  the  porcelain  in  the  ce- 
mented area  of  the  proposed  .type  of  design  should  minimize 
the  number  of  the  pieces  that  will  give  trouble  later  in  service. 

4.  Mechanical  Breakage. 

(a)  From  Handling:  The  increase  of  thickness  of  the  rain 
sheds  and  addition  of  a  drip  edge  will  materially  decrease  the 
percentage  loss  from  this  cause. 

(b)  Mischievous  Stone  Throwing  and  Rifle  Shooting:  (1) 
The  following  photographs  give  comparative  flashover  voltages 
dry  and  wet,  on  units  having  various  rain  sheds  broken  by  throw- 
ing a  small  weight  at  the  insulator.  Figs.  22  and  23  show  the 
dry  and  wet  flashovers  on  insulators  G  and  H  respectively. 
Table  III  gives  the  flashover  voltages  of  broken  units  in  per 

*loc.  dt. 
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Fig.  24 — 60-Cycle  Wet  Flashover 


Fig.  25 — 60-Cycle  Dry  Flashover  Icilchrest] 
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Fig.  26— 60-Cycle  Test — Comparative  Corona  Formation 
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Fig.  27 — Plaster  Paris  Dust  Deposited  with  Insulators  Under 
60-Cycle  Voltage 
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Fig.  28 — Top  Shed  Broken — 60-Cycle  Wet  Flashover 
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Fig  29 — Second  Shed  Broken — 60-Cycle  Dry  Flashover 
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Fig.  30 — Second  Shed  Broken — 60-Cycle  Wet  Plashover 
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Fig.  31 — Second  and  Third  Sheds  Broken — 60-Cycle  Dry  Flashovbr 
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Fig.  32 — All  Sheds  Broken — 60-Cycle  Dry  Flashover 


Fig.    33 — After    15    Shots   Were 
Fired  at  Each 
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Fig.  34 — After  Number  of  Shots 
AS  Indicated 
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Fig.  35 — 60-Cycle  Dry  Flashovers  on  Insulators  H^  I  and  J  after 
Breakage  from  Rifle  Shots 


Fig.  36 — Resistance  to  Side-Pull 
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cent  of  flashover  of  the  unit  when  unbroken.  Reference  to 
illustrations  is  made  in  the  Table.  Fig.  24  shows  the  wet  flash- 
over  on  units  /  and  /.  Table  IV  gives  comparative  flashovers  of 
broken  units,  as  in  Table  III . 

TABLE  III 


Sheds  broken 

Top 

Second 

Second 

and  third 

Illustrated  in  Pig. 

28 

29                  30 

31 

Dry  or  wet 

Insulator  G 

Insulator  H 

dry 

85 

79 

wet 

80 

77 

dry 
100 
82 

wet     ■ 
100 
97 

dry 

68 

54 

wet 

74 

70 

TABLE   IV 

Sheds  Broken 

Top 

Top  and  third 

All  sheds 

Photographs  in  Pig . . . 

... 

.32 

Dry  or  wet 

dry 
87 

dry 
78 

dry 

59 

34 

wet 

30 

15 

Insulator  J 

Insulator  / 

85 

70 

As  would  be  expected  from  a  study  of  the  dielectric  field 
diagrams,  the  breaking  of  the  second  shed  of  the  proposed  type 
of  design  has  practically  no  effect  upon  the  flashover  values  of 
the  instdator.  In  fact,  as  shown  in  the  illustrations,  the  paths  of 
the  dry  and  wet  flashovers  did  not  follow  over  the  broken  shed. 
When  sheds  are  broken,  the  corona  formation  and  static  streamers 
build  out  over  the  surface  of  the  older  type  of  design  at  a  lower 
voltage  than  when  the  units  are  intact.  The  paths  of  flashover 
over  these  older  types,  therefore,  follow  the  surface  of  the  in- 
sulator. In  the  proposed  type  of  design  the  absence  of  streamers 
from  the  porcelain  surface  causes  the  arc  to  keep  clear  of  the  in- 
sulator. A  power  arc  will,  therefore,  be  less  liable  to  cause 
complete  failure  of  a  broken  unit  of  the  proposed  design. 

One  of  the  most  important  features  of  the  proposed  design  is 
that  when  the  units  are  hit  by  stones,  etc.,  the  rain  sheds  will  not 
crack  or  break  beyond  line  a  Fig.  8,  due  to  the  shape  of  the  in- 
dividual parts.  The  rain  sheds  of  the  older  types  of  designs 
when  hit  are  very  likely  to  crack  or  break  up  into  the  cemented 
section.  The  first  voltage  surge  or  even  normal  line  voltage 
will,  therefore,  often  puncture  the  remaining  sheljs.  In  fact,  in 
the  two  series  of  tests  photographed,  both  the  older  type  of  units 
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punctured  during  the  dry  arcover  after  sheds  were  broken. 
Static  streamers  shot  over  surface  of  insulator  H  in  Fig.  31  and 
then  puncture  occurred.  Insulator  /,  Fig.  32,  flashed  over  and 
then  punctured  before  the  circuit  breaker  of  the  testing  trans- 
former operated. 

(2)  One  each  of  units  Hj  I  and  K  and  two  of  /  were  sub- 
jected to  rifle  shots.  Twenty-two  caliber  long  bullets  were 
shot  at  the  insulators  from  about  30  yards  distance  and  in  a 
line. at  45  deg.  to  their  axes.  The  following  photographs  show 
the  comparative  breakage  and  the  ability  of  the  broken  units  to 
thereafter  withstand  electrical  test.  The  shooting  was  done  by 
men  disinterested  in  the  design  of  the  insulators  and  they  were 
requested  to  do  as  much  damage  as  possible. 

Fig.  33  shows  insulators  /  and  /  after  15  shots  were  fired  at 
each.  The  top,  second  and  third  shells  of  /  were  broken,  the 
second  shell  being  cracked  into  the  cemented  section.  The 
second  shell  of  J  was  chipped  in  two  places,  the  rest  of  the  in- 
sulator being  intact.  Fig.  34  shows  insulators  H,  K  and  / 
after  14  shots  were  fired  at  i?,  12  at  K  and  28  at  /.  The  second 
and  center  shells  of  H  were  cracked  and  the  center  of  K.  The 
sheds  of  J  were  chipped  oflP  in  a  few  places  but  the  shells  were 
not  cracked.  These  five  units  were  then  set  with  their  axes  at 
right  angles  to  the  line  of  fire.  Not  more  than  5  or  10  shots 
were  necessary  to  strip  the  main  part  of  the  remaining  sheds 
from  Insulators  if,  K  and  /  while  one  unit  of  type  /  still  re- 
tained a  considerable  portion  of  its  sheds  after  approximately 
100  shots  had  been  fired  at  it.  The  sheds  remaining  on  the  two 
units  J  were  then  knocked  off  by  a  hammer,  to  illustrate  to  those 
present  that  the  surface  of  the  insulator  that  follows  flow  line  a 
would  not  be  cracked  thereby. 

Fig.  35  shows  the  first  dry  flashover  test  made  on  these  units 
after  the  shooting.  Units  i?,  K  and  /  punctured  at  voltage  of 
33,  43  and  56  kilovolts,  respectively.  Unit  /  flashed  over  at  105 
kilovolts,  the  remaining  porcelain  body  bounded  by  line  a  still 
being  intact. 

(C)  Insufficient  Strength  as  a  Support:  Two^  samples  as 
per  Fig.  36,  were  tested  to  determine  the  resistance  to  side  pull. 
In  each  case  load  was  applied  at  the  wire  groove  which  was  one 
foot  from  the  base  of  pin.  The  parts  from  which  insulator  L 
was  formed  were  obtained  by  trimming  off  the  rain  sheds  of  in- 
dividual shells  of  unit  J  before  burning  and  the  mechanical  test 
shotdd,  therefore,  be  about  the  same  as  of  unit  /.     The  pin  of 
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unit  L  was  cemented  directly  into  the  insulator.  A  separable 
pressed  steel  thimble  was  cemented  into  insulator  F.  The  one- 
inch  bolt  of  the  pin  cemented  into  insulator  L  failed  at  4400  ft-lb., 
and  3100  ft-lb.  bent  the  pin  of  insulator  Fas  shown,  the  position 
of  instilator  being  such  that  additional  load  could  not  be  applied. 
Both  units  were  electrically  intact  after  these  tests. 

(d)  Brittle  Material.  All  units  used  in  these  comparative 
tests  were  made  of  the  same  porcelain  body  and  hence  the  ques- 
tion of  brittleness,  which  is  a  ceramic  problem,  does  not  enter. 

5.  Lightning.  The  impulse  ratio  of  the  proposed  design  is 
lower  than  that  of  most  of  the  older  types  of  design.  The 
actual  value  has  not  been  determined.  This  statement  is  based 
on  tests  of  the  proposed  design  in  parallel  with  older  types. 
The  old  types  of  design  were  set  on  a  pin  of  such  height  above 
the  cross  arm  as  to  cause  the  old  type  of  unit  to  flash  over  when 
set  up  alone  at  a  voltage  slightly  greater  than  that  of  the  pro- 
posed type  of  design  alone.  When  tested  in  parallel  the  static 
discharges  over  the  porcelain  surface  of  the  older  type  would 
often  cause  the  proposed  type  to  flashover  first. 

Fiulhermore,  the  body  of  the  porcelain  bounded  by  the  flow 
lines  a  should  have  an  impulse  ratio  close  to  one.  A  very  high 
impulse  voltage  might,  therefore,  puncture  through  the  rain 
sheds  of  the  insulator  leaving  this  body  of  the  unit  intact.  The 
thicker  section  of  porcelain  between  line  and  pin  will  also 
materially  increase  the  factor  of  safety  of  the  unit. 

(6)  Unequal  Expanion  of  Metal,  Cement  and  Porcelain. 
The  introduction  of  a  resilient  material  between  tops  of  shells 
should  eliminate  the  tendency  of  certain  older  designs  to  split 
off.  Greater  radii  of  curvature  at  the  tops  of  the  insulator 
shells  and  a  cement  section  sloped  from  the  axis  should  tend  to 
eliminate  the  trouble  from  any  difference  of  coefficient  of  ex- 
pansion of  the  porcelain  and  cement. 

(7)  Internal  Stresses  in  the  Material.  Internal  stresses  set 
up  in  the  insulator  parts  during  manufacture  should  be  very 
much  decreased  by  the  elimination  of  small  radii  in  comers  and 
sudden  changes  of  cross  section  of  the  material. 

Conclusions 

Briefly  stated,  it  is  believed  that  the  advantages  of  the  pro- 
posed type  over  the  older  commercial  types  in  resisting  failure 
in  service  would  be  as  follows: 

1.    When  the  insulator  is  dry,  the  corona  and  static  forma- 
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tions  are  practically  limited  to  the  tie  wire  and  line  wire  up  to 
flashover  voltage. 

2.  When  the  insulator  is  wet,  no  corona  or  static  formation 
occurs  up  to  flashover  voltage.  The  flashover  voltages  for 
given  overall  dimensions  are  thereby  increased. 

3.  The  leakage  resistance  per  shell  is  increased  gradually 
from  the  head  to  the  center  shell.  This  takes  into  account  the 
probability  of  the  lower  sheds  becoming  dirtier  than  the  tops. 
The  voltage  distribution  per  shell  is,  therefore,  equal  when  the 
insulator  becomes  dirty  and  wet  and  a  heavy  leakage  current 
passes  over  the  insulator. 

4.  Since  the  capacity  per  shell  is  about  eqtial,  the  voltage 
distribution  per  shell  will  be  equal  when  the  insulator  is  clean 
and  in  dry  air. 

5.  Since  the  distribution  of  voltage  per  shell  depends  upon 
the  capacity  current  and  leakage  current,  the  distribution  of 
voltage  per  shell  in  these  designs  should  be  approximately  equal 
under  all  operating  conditions. 

6.  The  resistance  of  the  insulator  to  side  pull  for  a  given 
weight  and  given  electrical  strength  is  relatively  high.  This  is 
due  to  the  feature  of  the  design  whereby  the  flow  line  a  of  the 
electrostatic  field  and  the  mechanical  stress  lines  coincide. 

7.  The  design  of  the  individual  shells  is  such  that  when  they 
are  tested  before  assembly  the  surface  conforms  to  the  electro- 
static flow  lines  a.  This  allows  testing  of  the  individual  parts  to 
a  higher  percentage  of  service  voltage  than  was  possible  in  case 
of  the  individual  shells  of  older  designs. 

8.  Due  to  the  shape  of  individual  parts  and  of  the  assembled 
unit,  the  insulator  sheds  when  hit  by  stones,  riflle,  balls,  etc.,  do 
not  break  beyond  surface  a.  The  unit,  therefore,  offers  a  con- 
siderable percentage  of  its  original  resistance  to  flashover  after 
the  sheds  are  broken.  The  same  feature  tends  to  protect  the 
insulator  from  complete  failure  during  flashover  in  service. 

9.  Each  characteristic  of  the  insulator  which  would  vitally 
affect  durability  in  service  has  been  treated  uniformly  through- 
out the  line. 
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Discussion  on  "Application  of  Theory  and  Practise  to 
THE  Design  of  Transmission  Line  Insulators"  (Gil- 
chrest),  Atlantic  City,  N.  J.,  June  26,  1918. 

Charles  Fortescue;^  The  primary  facts  to  be  dealt  with  in 
the  application  of  electricity,  the  two  main  things,  are  con- 
duction and  insulation.  These  two  facts  involve  other  elements 
which  should  be  termed  the  electric  circuit,  the  dielectric  cir- 
cuit and  the  magnetic  circuit.  The  former  and  the  latter  have 
been  given  a  great  deal  of  attention,  but  not  much  attention 
has  been  given  to  the  dielectric  circuit. 

There  are  two  reasons  for  this.  One  reason  is  that  in  the 
early  days  the  methods  of  insulation  for  low  voltages  were 
so  obvious  that  there  was  not  mulch  necessity  for  giving  the 
dielectric  circuit  much  consideration.  Latterly,  however,  as 
the  conduction  problem  became  more  difficult  iti  was  necessary 
to  increase  the  voltages  used,  and,  therefore,  for  that  reason 
the  dielectric  circuit  became  of  increasingly  greater  importance. 
The  problems  involved  in  the  dielectric  circuit  are  in  three 
dimensions.  They  are  not  easy  of  solution.  They  involve 
some  of  the  most  difficult  mathematics  that  are  known.  There- 
fore, it  is  essential  to  find  some  practical  method  of  dealing  with 
these  problems,  and  some  of  these  methods  have  been  outlined 
in  various  reports  from  time  to  time.  Mr.  Famsworth  and 
myself  brought  out  a  method  of  plotting  out  the  equipotential 
surfaces  by  using  an  electrolyte.  Mr.  Rice  in  a  paper  a  short 
while  ago  also  mentioned  some  methods,  in  fact,  he  took  our 
method  and  improved  upon  it  very  materially. 

Mr.  Gilchrest  has  made  use  of  some  of  these  methods  and 
other  methods  evolved  by  other  people  to  produce  a  practical 
insulator. 

In  a  paper  presented  to  the  Institute  some  years  ago  I  brought 
forward  an  apparent  paradox,  namely,  that  by  the  use  of  con- 
ductors the  effectiveness  of  an  insulator  can  be  increased. 
There  is  real  truth  in  this.  To  insulate  a  body  or  system  of 
bodies,  it  is  necessary  not  only  to  consider  the  insulating  body, 
but  we  must  also  consider  the  shapes  of  the  bodies  to  be  insu- 
lated. We  must  so  form  these  bodies  that  they  may  be  insulated 
with  the  maximiun  effectiveness. 

In  the  large  porcelain  insulator  problem,  we  have  to  insulate  a 
line  wire,  we  will  say,  from  a  cross  arm,  and  we  have  to  evolve 
an  efficient  form  of  insulator,  and  consider  what  form  of  con- 
ducting surface  will  be  best  suited  under  the  various  conditions; 
that  is  to  say,  when  it  is  raining,  or  when  the  surfaces  are  dirty, 
etc.,  and  this  brings  up  another  point,  and  that  is  the  question 
of  what  is  meant  by  theory  and  practise. 

The  term  ** theory*'  is  being  used  rather  loosely  to  cover  an 
approximate  solution  of  a  problem,  taking  into  account  what 
are  considered  the  most  important  factors.  Strictly  speaking, 
theory  should  account  for  all  the  facts,  as  we  know  them,  and 
as  we  observe  other  facts  they  are  to  be  introduced  into  the 


Digitized  by  VjOOQ IC 


826         •  LINE  INSULATORS  Uimc26 

theory.  There  are  many  wa)^  of  doing  this.  One  way  is  to 
make  as  close  an  approximation  as  possible  with  known  theory 
and  then  find  out  how  much  it  is  necessary  to  deviate  from 
this  approximation  in  order  to  take  account  of,  or  care  for, 
other  considerations  that  come  from  actual  practical  work. 

Now,  in  this  insulator  of  Mr.  Gilchrest's,  we  have  to  consider, 
as  I  said  before,  the  best  form  for  the  insulating  body  and  con- 
ductors and  we  must  take  into  account  the  fact  that  certain 
surfaces  attract  dirt,  or  dirt  under  certain  conditions  tends  to 
acctunulate  upon  them.  The  problem  is  to  produce  something 
in  which  the  distribution  of  stress  will  be  affected  as  little  as  possi- 
ble by  changes  in  the  external  conditions.  The  working  sur- 
faces, properly  speaking,  should  conform  to  the  flow  lines,  or 
the  Faraday  tubes.  There  is  a  very  good  reason  for  this.  One 
is,  it  cuts  down  the  actual  intensity  at  the  surfaces  of  the  insu- 
lator. You  do  not  have  as  much  ionization.  Another  reason 
is,  since  the  intensity  is  parallel  to  the  surface,  it  is  preventive 
of  the  acctmiulation  of  dirt  on  the  actual  working  stuiaces. 
On  the  other  hand,  if,  instead  of  conforming  to  the  flow  lines, 
the  boundary  surfaces  are  at  right  angles  to  the  flow  lines, 
even  if  they  get  dirty,  they  will  have  the  effect  of  equipotential 
siufaces,  just  the  sameasif  we  extended  the  internal  equipotential 
stuf aces  out  into  the  air.  As  we  know,  if  a  conducting  surface 
coinciding  with  an  equipotential  surface  is  not  very  thick,  it 
has  almost  no  influence  on  the  shape  of  the  Faraday  tubes. 

There  are  other  considerations,  such  as  the  proper  proportion- 
ing of  the  capacity  of  each  part  of  the  instdator,  etc.,  the  theory 
of  which  has  been  presented  in  papers  before  the  Institute. 
These  have  all  been  taken  into  account  in  the  design  of  this 
insulator  and  have  been  dealt  with  in  this  paper. 

There  is  a  common  belief  that  there  are  two  ways  of  looking 
at  these  matters,  the  theoretical  way  and  the  practical  way. 
I  wish  to  emphasize  the  fact  that  there  should  not  be — ^  that 
there  should  be  only  one  way  to  consider  them,  and  that  with- 
out casting  any  reflections  upon  practical  experience,  might  be 
termed  the  theoretical  way.  In  other  words,  the  theoretical 
way  should  account  for  all  that  practical  experience  shows. 

There  is  a  school  which  takes  the  stand  that  in  designing 
insulators  practical  experience  alone  counts;  in  other  words, 
we  are  expected  to  arrive  at  an  efficient  design  of  an  insulator 
by  a  process  of  evolution  or  the  survival  of  the  fittest.  I  think 
that  such  a  process  of  arriving  at  a  design  is  rather  hard  on  the 
people  who  have  to  bear  the  brunt  of  being  the  innocent  victims 
of  the  experimentors.  In  a  few  words,  I  think  a  proper  consid- 
eration of  all  the  facts  involved  ought  to  enable  one  to  arrive 
at  a  good  design,  which  shall  be  theoretically  correct,  and 
this  means,  also,  that  the  insulators  should  stand  up  in  practise, 
and  I  believe  ttiat  the  work  which  Mr.  Gilchrest  has  done  is 
a  big  step  in  this  direction. 

Charles  F.  Scott:  When  a  new  device  is  described,  we  do 
not  get  the  full  significance  of  it  unless  we  get  it  in  historial 
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perspective.  An  interesting  chapter  in  insulator  history  was 
furnished  by  the  International  Electrical  Congress,  held  in  1904 
in  connection  with  the  Exposition  at  St.  Louis.  The  Trans- 
mission Section  brought  together  the  transmission  engineers 
from  the  Pacific  Coast  and  from  the  Rocky  Mountains,  as  well 
as  from  the  East.  They  were  the  actual,  practical  operating 
men,  who  came  together  to  interchange  experiences  and  to  learn 
what  they  could. 

The  foremost  problem  in  several  days  of  papers  and  dis- 
cussions was  the  insulator.  Voltages  had  risen  to  50,000  volts, 
60,000  volts,  and  I  think  66,000  volts.  They  had  been  of  that 
order  for  a  number  of  years  and  no  advances  had  been  made. 
Transformers  of  double  ratio  had  been  installed  for  88,000  volts 
and  a  lower  voltage,  but  the  high  voltage  was  not  used  because 
no  suitable  insulator  had  appeared. 

These  papers — some  of  them  specifically  on  insulators  and 
insulator  design,  and  many  of  them  with  regard  to  operating 
conditions — tell  of  insulator  troubles,  and  in  discussing  the 
future  use  of  higher  voltages,  the  insulator  was  the  one  thing 
which  seemed  to  set  the  limit.  The  pin  form  of  insulator  was 
the  only  one  considered.  These  apprehensions  have  been 
justified  by  subsequent  history,  as  no  plants  are  operating  in 
this  country  at  any  substantially  higher  voltages  with  pin 
insulators  than  there  were  at  that  time.  There  was  no  suggestion 
offered,  as  I  recall  now,  except  some  modification  of  a  pin- 
type  insulator,  which  it  was  proposed  to  be  make  larger  and 
larger,  until  one  engineer  suggested  that  it  would  resemble  a 
Chmese  pagoda  in  size.  There  was  a  limit.  The  solution 
came,  and  the  method  of  operating  at  higher  voltages  was 
worked  out  by  leaving  that  type  of  insulator  and  going  to  some- 
thing else,  the  suspension  insulator. 

Mr.  Gerry,  of  the  Missouri  River  Power  Company,  read  a 
paper  at  this  Congress,  in  which  he  discussed  the  insulator, 
and  described  a  number  of  elementary  experiments  to  show 
that  the  electrostatic  field  has  a  good  deal  to  do  with  the  char- 
acter of  the  discharge  on  insulator  surfaces,  and  said  that  these 
elements  must  be  considered  in  insulator  design.  Dr.  Perrine, 
one  of  the  leading  engineers  of  that  time,  both  in  practical 
experience  in  one  of  the  largest  transmission  plants  in  the  West, 
and  also  because  of  his  well  known  theoretical  knowledge, 
said  that  Mr.  Gerry  had  put  his  finger  on  the  point  to  which 
attention  must  be  given  in  the  future,  as  we  had  neglected 
the  electrostatic  element  in  insulator  design.  The  Institute 
Transactions  of  the  past  fourteen  years  since  the  Electrical 
Congress  contain,  almost  annually,  papers  descibing  the  diffi- 
culties and  troubles  with  insulators  in  one  way  or  another, 
which  have  been  epitomized  very  well  at  the  beginning  of  the 
paper  presented  today.  One  must  have  all  these  difficulties 
in  mind  to  appreciate  this  paper,  which  nms  along  so  beauti- 
fully, showing  how  theory  has  been  applied  to  practise  and  the 
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two  together  have  produced  something  that  looks  so  simple  and 
obvious,  that  it  almost  makes  us  feel  that  there  is  nothing 
striking  about  it.  A  new  step  has  been  taken  in  the  evolution 
of  the  insulator.  There  have  been  scores  of  different  types, 
many  of  which  follow  some  one  idea,  but  have  carried  it  to  an 
extreme  and  violated  some  other  principle. 

The  paper  shows  very  nicely,  as  Mr.  Fortescue  pointed  out, 
that  as  long  as  we  deal  with  the  electric  circuit  alone  we  get 
along  very  well  until  we  get  up  into  the  region  of  high  voltage, 
and  then  the  electrostatic  field  comes  in;  at  first  its  importance 
was  not  recognized,  but  now  it  has  been  recognized,  and  this 
new  solution  results. 

This  paper  indicates  how  admirably  the  subject  has  been 
handled  from  the  standpoint  of  research  and  experimental  de- 
velopment. 

The  grieat  value  of  the  paper,  then,  comes  in  this  notable 
step  in  design  which  leads  to  a  more  simple  and  practicable  and 
desirable  form,  in  a  field  in  which  insulators  by  the  thousand, 
yes,  by  the  million,  are  in  use,  and  it  becomes,  therefore,  of  the 
highest  importance  in  adding  to  the  safety  and  reliability  of 
high-tension  transmission. 

Another  point  that  has  not  been  brought  up,  which  is  one 
of  interest  and  consequence,  is  this, — if  this  insulator  is  so  much 
better  for  the  field  which  has  been  occupied  by  pin-type  insulators 
on  the  order  of  66,000  volts,  may  not  this  new  design  enable 
transmission  lines  of  still  higher  voltage  to  use  the  pin  type  of 
insulator  advantageously? 

V.  Karapetoff:  One  point  that  is  not  brought  out  in  Mr. 
Gilchrest's  paper  is  the  question  of  refraction  of  lines  of  force 
when  they  pass  from  the  dielectric  of  one  permittivity  Ki  into 
a  dielectric  having  a  different  value  of  permittivity,  Kt.  The 
lines  of  electric  force  experience  a  refraction  similar  to  the 
refraction  of  the  magnetic  lines  of  force  when  they  pass  at  an 
angle  from  a  ferrous  material  into  the  air.  This  refraction 
is  different  from  that  of  rays  of  light,  in  that  the  law  which 
holds  here  is  that  of  tangents  and  not  of  sines. 

A  college  girl  in  her  examination  paper,  which  had  the  ques- 
tion, "State  briefly  the  law  of  refraction  of  light."  wrote  **The 
sins  of  the  angels  are  constant."  Well,  here  it  is  the  ratio  of 
the  tangents  that  is  constant. 

If  the  angle  of  incidence  is  Oi  and  the  angle  of  refraction  ^j, 
then  the  law  of  refraction  is 

tan  fli/tan  0%  =  Ki/k% 
For  a  proof  of  this  law  see  for  example,  V.  Karapetoff's  "Electric 
Circuit,"  p.  163  (second  edition.)  I  mention  this  fact,  because 
it  is  not  mentioned  in  the  paper,  yet  the  field  is  being  studied 
there  outside  the  insulator,  and  not  within  the  instdator,  while 
we  are  primarily  concerned  with  the  dielectric  stresses  within 
the  insidator. 

It  should  not  be  assumed  that  by  mentally  extending  the  lines 
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of  force  as  shown  by  asbestos  dust  on  the  outside  we  can  judge 
about  the  stresses  in  the  porcelain.  This  law  of  refraction  shotdd 
be  taken  into  account.  For  instance,  assume  the  ratio  Ki/Kt 
to  be  equal  to  5.  Then  if  02  in  the  air  is  equal  to  45  deg.,  the 
angle  0i  in  porcelain  comes  out  equal  to  78  deg.,  so  that  re- 
fraction is  of  very  considerable  magnitude.  In  determining 
what  takes  place  in  the  insulator  from  the  field  outside  the  in- 
sulator, this  law  of  refraction  must  by  all  means  be  considered, 
and,  therefore,  it  would  be  very  desirable  to  evolve  a  method 
similar  to  that  outlined  in  the  paper,  but  in  which  the  medium 
in  which  we  are  experimenting  is  the  body  of  the  insulator 
itself  and  not  the  stirrounding  air. 

I  wish  to  cite  in  this  connection  an  old  experiment  in  which 
an  electrostatic  field  is  investigated  in  liquid  paraffine,  which 
later  is  solidified.  A  very  light  dust,  lycopodiiun  powder 
which  is  obtainable  in  drug  stores,  is  mixed  with  the  parafiine 
while  it  is  in  a  molten  state.  A  vessel  is  filled  with  liquid 
paraffine,  electrodes  of  a  desired  shape  are  dipped  into  the  par- 
affine, and  an  electrostatic  field  is  produced  between  the  elec- 
trodes. The  individual  particles  of  powder  assiune  the  di- 
rections of  the  lines  of  force.  Then  the  paraffine  is  allowed  to 
solidify,  and  it  can  be  cut  in  any  desired  plane,  and  the  actual 
field  investigated.  This  method  had  the  advantage  over  the 
method  described  in  the  paper  in  that  it  is  a  3-dimensional 
method,  whereas  the  method  described  by  Mr.  Gilchrest  gives 
results  in  only  one  plane  at  a  time. 

L.  W.  Chubb:  In  Mr.  Gilchrest 's  work  on  the  new  insulator, 
some  of  the  practical  men  made  light  of  the  idea  of  trying  to 
dSVelop  an  insulator  by  scientific  and  theoretical  considera- 
tons.  Such  things  as  rain,  dust,  dirt,  salt  spray,  and  other 
things,  they  said,  made  the  practical  considerations  paramount. 

Mr.  Gilchrest  has  taken  the  theoretical  considerations  into 
account  in  connection  with  the  practical,  and  so  placed  the 
cemented  points  and  formed  the  surfaces  that  the  usual  disad- 
vantages of  the  theoretical  design  are  not  present. 

Prof.  Karapetoff's  discussion  regarding  the  refraction  of  the 
lines  of  force  is  very  interesting.  The  refraction  was,  of  course, 
considered  in  the  design  of  the  insulator.  If  he  takes  the  limit- 
ing values  of  90  deg.  to  zero  for  0,  it  can  be  shown  that  the 
refraction  does  not  play  any  part. 

It  was  also  mentioned  that  we  are  interested  in  the  field 
within  the  porcelain.  The  shape  of  the  field  does  not  nec- 
essarily change  appreciably  if  the  insulator  is  properly  designed. 

S.  Barfoed  (communicated  after  adjournment):  In  1914  I 
attempted  to  design  an  insulator  making  use  of  the  same  sources 
of  theory  as  Mr.  Gilchrest  mentions,  but  devoted  my  attention 
to  the  suspension  type.  It  also  occurred  to  me  that  if  the  elec- 
trical stress  in  the  insulating  material  was  placed  at  right  angles 
to  the  stress  as  usually  found  in  commercial  insulators  some- 
what less  attention  need  be  paid  to  the  porosity  of  the  insulating 
materials.     Further,   that  if    cracks   were  developed  nmning 
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more  or  less  parallel  with  the  lines  of  electrostatic  force,  such 
cracks  would  be  of  approximately  the  same  length  as  the  leakage 
surface  path  over  the  insulator  and  thus  not  constitute  a  puncture 
in  the  sense  it  now  is  taken.  Should  this  reasoning  result  in 
the  use  of  more  cheaply  manufactured  insulating  materials, 
the  various  processes  involved  might  be  conducted  with  greater 
certainty  as  to  the  results.  This  thought  led  to  some  designs  of 
which  some  samples  are  herewith  given. 

Fig.  1  shows  a  type  of  insulator  where  use  is  made  of  fibrous 
impregnated  material  of  such  strength  that  large  mechanical 
forces  can  be  transmitted.     It  may  be  hollow  or  solid,  and  its 


Fig.  1 

surface  may  be  covered  in  any  suitable  manner.  At  either  end 
of  this  structure  are  placed  metallic  shields  for  uniformly 
distributing  an  electrostatic  field  over  the  surface  of  the  in- 
sulating body.  If  hollow,  the  interior  space  may  be  filled  in 
with  an  insulating  compound  or  oil  to  prevent  the  accumula- 
tion of  moisture.  It  is  seen  that  the  electrostatic  stress  is  length- 
wise of  the  insulating  body  instead  of  transversely  thereto, 
giving  the  highest  possible  pimcture  value. 

If  this  insulator  was  made  sufficiently  long  no  rain  sheds  need 
be  employed  whatever.  The  outer  water-proof  covering  would 
merely  be  a  glass  or  porcelain  tube  which  need  not  be  of  the  same 
high  class  material  as  now  demanded  from  the  insulator  manu- 
facturers. 

In  Fig.  2  the  insulating  material  has  been  put  in  compression 
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instead  of  in  tension  as  in  the  former  case,  but  here  likewise 
a  control  of  the  electrostatic  lines  of  force  over  the  surface  of 


Fig.  2 


the  insulator  is  had  by  means  of  a  circular  band  surrounding 
the  disk  shaped  insulator  body.  The  electrostatic  stress  is 
lengthwise,  instead  of  transverse  to  the  body. 


na.  3. 


In  Fig.  3  the  same  idea  is  merely  carried  out  in  a  different 
manner. 
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The  paper  by  Mr.  Gilchrest  is  of  very  great  value  in  showing 
the  lines  which  must  be  followed  in  the  future  if  we  are  to  remove 
one  of  the  most  serious  causes  preventing  commercial  progress 
in  high-voltage  engineering  as  applied  to  the  transmission  of 
power. 

G.  I.  Gilchrest:  In  reply  to  Mr.  Scott's  inquiry  as  to  the 
range  of  voltages,  I  might  say  that  we  have  had  units  made 
up  which  we  believe  are  entirely  satisfactory  for  66,000-volt 
operation — that  is  not  a  catalogue  rating,  but  actual  operating 
voltage,  and  we  have  contemplated  going  to  higher  voltages 
possibly  110,000. 

I  am  inclined  to  take  issue  with  Prof.  Karapetoff  in  regard 
to  the  field  inside  of  the  insulator  being  of  vital  importance. 
In  the  operating  field  the  flashover  of  the  unit  is  the  limiting 
feature  of  the  design,  and  that  is  determined  by  the  distribu- 
tion of  the  stress  over  the  surface  of  contact  between  the  air 
and  the  insulator.  In  this  design,  if  the  insulating  material 
is  made  of  sufficiently  good  dielectric,  there  is  no  trouble  in 
the  inside  of  the  unit. 
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